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Foreword 


This book provides a way of comprehending Ihe geometry and reactivity ol all mole- 
cules, and it also serves as a guide to understanding the molecular orbital calcula- 
tions, now so easily done, on these molecules. 

Curious, isn’t it, that one should have to talk about understanding calculations? 
For if those calculations are correct, if they predict the observable that interests us, 
then we, through the computer we command and the computer program we have 
written, should truly be in the position of understanding the molecule. Yet science 
is not so simple. First the “correct” calculation is achieved only with immense ef- 
fort, through a layering of numerical expansions and approximations that makes us 
move away from chemical and physical understanding to numerical applied mathe- 
matics. Tire numbers obscure the chemistry— worse, even, is the fact that we must 
deal with psychologically addictive computers. Second, each science, and chemistry 
in particular, generates it’s own modalities of understanding. The complexity of the 
phenomena causes questions to be asked at a certain level. For instance, we have 
found the classification of functional groups as rr donors or acceptors uselul in both 
organic and inorganic chemistry. So when we look at the rotational barrier or reac- 
tivity of an Fe(CO)„ complex of a substituted olefin wc naturally ask how that 
activation energy is affected by putting on electron-withdrawing or -accepting sub- 
stituents on the olefin. And we do not care as much whether the barrier to rotation 
is x keal/mol for R = CH 3 but jc + 1.5 when R = OCH 3 as we do about the trend 
with change in the electronic nature of the substituent. The question is posed at a 
certain level of complexity, and understanding is posited when the answer is given 
at the same, chemical level of complexity. 

What Tom Albright, Jeremy Burdett, and Myung-Hwan Whangbo have provided 
us witli is that appropriate intermediate level of thinking— a way of analyzing mole- 
cules and of calculations on molecules in a theoretically consistent framework that 
allows a chemist to understand calculations in the natural language of chemistry. 
There are a number of unique features in this book. First, there is the consistent use 
of the fragment picture— the building up of more complicated molecules from sim- 
pler ones, of molecules from their pieces. In this building-up process the natural 
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language is that of perturbation theory. Second, an important aspect of their ap- 
proach is the constant and crucial inclusion of overlap in the interaction picture. A 
third feature that distinguishes this work is its breadth— the taking into considera- 
tion and treatment, in one and the same language, of structure and reactivity prob- 
lems in the organic and inorganic realm, and even in the solid state. T agree with the 
authors that these disciplines should not be treated as separate entities— molecules 
are molecules, and it is only the prejudices of our education that make us sort them 
out into boxes containing those we care to think about and therefore call inter- 
esting and those that we think are dull because we are afraid of them. The authors 
show us that frontier orbital ideas and simple concepts of symmetry and bonding 
are applicable to understanding all molecules. 

The last feature that characterizes this book is its pedagogical concern and ef- 
fectiveness. It would seem obvious that if we understand something we must be 
able to communicate it, to teach it, for we have taught ourselves a fact, an explana- 
tion, a truth. If we could teach ourselves (we call that research) should it not be 
easier to teach other, more clever people? Unfortunately, as we all know, it is not 
so simple, and expository skill and clarity do not always go hand in hand with sci- 
entific achievement. But this book does it all— it not only shows us how to under- 
stand molecules simply and economically, but also explains and teaches us how 
to explain. 

Roald Hoffmann 

Cornell University 
June 1984 


Preface 


Molecular orbital theory has now come of age. It is used to enable us to understand 
a wide range of physical properties of molecules, their reactivities, and the path- 
ways taken by chemical reactions. Over the years, since its conception in the 1920s 
and 1930s, the theory has been developed along two very different lines by largely 
separate groups of people. The first, the ab initio group, attempts to solve the mole- 
cular electronic Schrodinger equation to what might be called chemical accuracy. 
The second, the semiempirical group, does not try to evaluate the many molecular 
integrals needed in all but the simplest molecules and makes extensive use of exper- 
imental information to parametrize many of the integrals. Because the calculations 
performed by the first group are invariably expensive, and those of the second usu- 
ally not, very different philosophies concerning their approach to chemical prob- 
lems exist between the two groups. It is an unfortunate truism that proponents of 
these two different schools often react negatively to each other, although the com- 
bined efforts of both have resulted in dramatic progress in our understanding of 
molecular electronic structure. 

If we wish to compute accurately the equilibrium geometry of a molecule or 
solid, then there is at present no substitute for a quality calculation. First-principles 
calculations on molecules containing up to half a dozen first-row atoms, with gen- 
erally exceedingly good matching of theoretical and experimental bond lengths and 
angles, vibrational frequencies, and so on, are now possible. As the molecules be- 
come larger, approximations have to be made to make the computational problem 
tractable; consequently, the errors increase. Thus, many ab initio calculations on 
larger systems are really only approximate ones. There are still unfortunate sur- 
prises even at the small molecule level. In the area of the solid state (which might be 
called the giant molecule level), structural prediction by calculation has only been 
achieved for very simple systems with small unit cells. When looking at bond dis- 
sociation energies of molecules, or cohesive energies of solids, again good calcula- 
tions are necessary. These are also needed when bonds are stretched, as in chemical 
reactions. Configuration interaction is very important in quantitative terms if accu- 
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rate activation parameters are to be calculated. Hie huge computational requirements 
involved here have restricted good calculations to the area of small molecules. 

From what we have said then, the ah initio route is the one to take if one is con- 
cerned with the numerology of chemistry, although for practical reasons a semi- 
empirical approach may he necessary. The size of the molecule that can lie handled 
by any method depends (a) upon how good wc want the calculation to be for it to 
be useful and (b) upon the nature of the variable to bo computed, Equilibrium 
geometries, for example, arc obtained much more easily and accurately than acti- 
vation energies and the geometries of transition states as mentioned above. 

This book takes the problem one step further. We shall study in some detail the 
mechanics behind the molecular orbital level structures of molecules, We shall ask 
why these orbitals have a particular form and are energetically ordered in the way 
that is generated by a computer calculation, whether it is generated by an ab initio 
or scmicmpirical technique. Furthermore, we want to understand in a qualitative or 
semiquantitative sense what happens to the shape and energy of orbitals when the 
molecule distorts or undergoes a chemical reaction. These models are useful to the 
chemical community. An experimentalist must have an understanding of why mole- 
cules of concern react the way they do, as well as what determines their molecular 
structure and how this influences reactivity. So, loo, it is the duty and obligation of 
a theorist to understand why the numbers from a calculation conic out the way 
they do. Models in this vein must he simple The ones we use here are based on con- 
ccpts such as symmetry, overlap, and electronegativity, lire numerical and com- 
putational aspects of the subject arc, in fact, deliberately deemphaslzed. In other 
words, the goal of this approach is the generation of global ideas that will lead to a 
qualitative understanding of electronic structure. 

An important aim of the book is then to show how common orbital situations 
arise throughout the whole chemical spectrum. For example, there are isomor- 
phisms between the electronic structure of CHj, Fe(CO).s, and Ni(PR s ) s and be- 
tween the Jahn-Teller instability in cyciobutadienc and the Pcierls distortion in 
solids. These relationships will be highlighted, and to a certain extent, we have 
chosen problems that allow us to make such theoretical connections across the 
traditional boundaries between the subdisciplincs of chemistry. 

Qualitative methods of understanding molecular electronic structures are based 
either on valence bond theory promoted largely by Linus Pauling or delocalized 
molecular orbital theory following the philosophy suggested by Robert Mtilllken. 
The orbital interaction model that wc shall use in our hook, which is based upon 
delocalized molecular orbital theory, was largely pioneered by Roald Hoffmann and 
Kenlchi Fukui. This is one of several models that can be employed to analyze the 
results of computations. Ibis model is simple and yet very powerful. Although 
chemists ore more familiar with valence bond and resonance concepts, tire delocal- 
ized orbital interaction model Iras many advantages. In our book we will often 
point out links between the two viewpoints. 

There arc roughly three sections in this book. The first develops the models we 
will use in a formal way and serves as a review of molecular orbital theory. The 
second covers the organic-main group areas witli a diversion into solids. Typical 
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concerns in the inorganic-organomctallic fields arc covered in the third section 
along with cluster chemistry. Each section is essentially self-contained, but wc hope 
that the organic chemist will read on further into the inorganic-organomctallic chap- 
ters and vice versa. For space considerations, many interesting problems were not 
Included. Wc have attempted to treat those areas of chemistry that can be appreci- 
ated by a general audience. Nevertheless, the strategies and arguments employed 
should cover many of the structure and reactivity problems that one 1$ likely to 
encounter. Wc hope that readers will come away from this work with the idea 
that there is an underlying structure to all of chemistry and that the conventional 
divisions into organic, inorganic, organometallic, and solid state arc largely artifi- 
cial. Introductory material in quantum mechanics along with undergraduate or- 
ganic and inorganic chemistry constitutes the necessary background information for 
this book. 

It is impossible to list all the people whose ideas we have borrowed or adapted 
in this book. We do, however, owe a great debt to a diverse collection of chemists 
who have gone before us and have left their mark upon particular chemical prob- 
lems. The genesis of this book came about when the three of us worked at Cornell 
University with Roald Hoffmann. This was an enjoyable and very exciting time for 
us. We learned a great deal from Roald Hoffmann about how to think and undor- 
sturul chemical problems on the basis of orbital interactions. We must also thank 
lire Sloan and Dreyfus Foundations, who provided vital support for us during lin- 
early years of our academic careers. The manuscript was carefully and critically 
read by Timothy Hughbanks, Sung-Kwan Kang, Jesus Lopez. Jerome Silvcstrc, and 
Dao-Xin Wang. A very skillful rendering of the diagrams was performed by Moon 
Vanko and S.-H. Kang. Tire typing of the manuscript was expertly done by Natalie 
Mosley, Nancy Trombctta, and Joyce Weathcrspoon. We would like to thank our 
wives Jin-Ok, Judy, and Roberta, and our children, Albert, Alexander, Harry. Jen- 
nifer, Meredith, and Rufus for their patience and moral support. 

Thomas A. Albright 

Jeremy K. Burdett 

Myung-Hwan Wiiangbo 

Houston. Texas 
Chicago, Illinois 
Raleigh, North Carolina 
November I W-t 



Contents 


1. ATOMIC AND MOLECULAR ORBITALS 1 



1.1. 

Introduction, 1 



1.2. 

Atomic Orbitals, 1 



1.3. 

Molecular Orbitals, 5 


2. 

CONCEPTS OF BONDING AND ORBITAL INTERACTION 

12 


2.1. 

Orbital Interaction Energy, 12 

A. Degenerate Interaction, 13 

B. Nondegencrate Interaction, 15 



2.2. 

Molecular Orbital Coefficients, 18 

A. Degenerate Interaction, 18 

B. Nondegenerate Interaction, 20 



2.3. 

Electron Density Distribution, 21 


3. 

PERTURBATIONAL MOLECULAR ORBITAL THEORY 

26 


3.1. 

Introduction, 26 



3.2. 

Nondegenerate Perturbation, 28 

A. Intramolecular Perturbation, 29 

B. Intermolecular Perturbation, 30 



3.3. 

Degenerate Perturbation, 34 

A. Intramolecular Perturbation, 34 

B. Intermolecular Perturbation, 34 



3.4. 

The Linear H 3 Molecule, 36 


4. 

SYMMETRY CONSIDERATIONS 

39 


4.1. 

Introduction, 39 



4.2. 

Groups, 39 



4.3. 

Symmetry-Adapted Wavefunctions, 42 



4.4. 

Degeneracies, 45 



4.5. 

Direct Products, 48 

xi 


4.6. Symmetry Properties and Integrals, S 1 

4.7. The Noncrossing Rule, 52 

4.8. Principles of Orbital Construction Using Symmetry 
Principles, 53 

5. MOLECULAR ORBITAL CONSTRUCTION FROM FRAGMENT 

ORBITALS 59 

5.1. Introduction, 59 

5.2. Triangular H 3 , 59 

5.3. Linear H 4 , 62 

5.4. Rectangular and Square Planar H 4 , 64 

5.5. Tetrahedral H 4 , 66 

5.6. Pentagonal H s and Hexagonal 1 1 6 , 68 

5.7. Orbitals of rr Systems, 7 1 

6. MOLECULAR ORBITALS OF DIATOMIC MOLECULES AND 

ELECTRONEGATIVITY PERTURBATION 76 

6.1. Introduction, 76 

6.2. Orbital Hybridization, 77 

6.3. Molecular Orbitals of Diatomic Molecules, 78 

6.4. Electronegativity Perturbation, 82 

7. MOLECULAR ORBITALS AND GEOMETRICAL 

PERTURBATIONS 87 

7.1. Molecular Orbitals of AH 2 , 87 

7.2. Geometrical Perturbation, 91 

7.3. Walsh Diagrams, 93 

7.4. Jahn-Teller Distortions, 95 

A. Second-Order Jahn-Teller Distortion, 95 

B. First-Order Jahn-Teller Distortion, 97 

C. Three-Center Bonding, 98 

7.5. Bond Orbitals, 100 

7.6. Through-Bond Interactions, 107 

8. STATE WAVE FUNCTIONS AND STATE ENERGIES 110 

8.1. Introduction, 1 10 

8.2. The Molecular Hamiltonian and State Wavefunctions, 1 1 1 

8.3. The Fock Operator, 113 

8.4. State Energy, 1 15 

8.5. Excitation Energy, 116 

8.6. Ionization Potential and Electron Affinity, 119 

8.7. Electron Density Distribution and the Magnitudes of Coulomb 
and Exchange Repulsions, 120 

8.8. Low vs. High Spin States, 122 

8.9. Electron-Electron Repulsion and Charged Species, 123 

8.10. Configurational Interaction, 125 


9. MOLECULAR ORBITALS OF SMALL BUILDING BLOCKS 131 

9.1. MOs From Bond Orbitals, 131 

A. AH, 131 

B. Pyramidal AH 3 , 133 

C. Tetrahedral AH 4 , 137 

9.2. Shapes of AH 3 Systems, 140 

A. Six -Electron Systems, 141 

B. Eight -Electron Systems, 143 

9.3. 7T-Bonding Effects of Ligands, 1 45 

9.4. Shapes of AH 4 Systems, 148 

10. MOLECULES WITH TWO HEAVY ATOMS 152 

10.1. Introduction, 152 

10.2. A 2 H 6 Systems, 152 

A. Ethane, 153 

B. Diborane, 155 

C. Dimerization of AH 3 , 1 57 

10.3. Twelve-Electron A 2 H 4 Systems, 158 

A. Sudden Polarization, 159 

B. Substituent Effects, 163 

C. Dimerization of AH 2 , 165 

D. Pyramidalizalion of A 2 H 4 , 1 66 

10.4. Fourteen-Electron AH 2 BH 2 Systems, 168 

10.5. AH 3 BI1 2 Systems, 171 

10.6. AH 3 BH Systems, 179 

11. ORBITAL INTERACTIONS THROUGH SPACE AND 

THROUGH BONDS 184 

11.1. Introduction, 184 

1 1 .2. In-Plane a Orbitals of Small Rings, 1 84 

A. Cyclopropane, 184 

B. Cyclobutane, 1 89 

1 1 .3. Through-Bond Interactions, 195 

A. The Nature of Through-Bond Coupling, 195 

B. Other Through-Bond Coupling Units, 198 

11.4. Breaking a C-C Bond, 200 

12. POLYENES AND CONJUGATED SYSTEMS 208 

12.1. Acylic Polyenes, 208 

1 2.2. Hiickel Theory, 21 1 

1 2.3. Cyclic Systems, 213 

12.4. Perturbations of Cyclic Systems, 219 

12.5. Conjugation in Three Dimensions, 226 

13. SOLIDS 229 

13.1. Energy Bands, 229 

1 3.2. Distortions of One-Dimensional Systems, 243 


xiv CONTENTS 

13.3. Other One-Dimensional Systems, 247 

13.4. Three-Dimensional Systems, 251 

1 3.5. High Spin and Low Spin Considerations, 256 

14. HYPERVALENT MOLECULES 258 

14.1. Orbitals of Octahcdrally Based Molecules, 258 

14.2. Geometries of Hypervalent Molecules, 269 

15. TRANSITION METAL COMPLEXES-A STARTING POINT AT 

THE OCTAHEDRON 277 

15.1. Introduction, 277 

1 5.2. Octahedral ML 6 , 278 

1 5.3. 7r-Effects in an Octahedron, 282 

1 5.4. Distortions from an Octahedral Geometry, 289 

16. SQUARE PLANAR, TETRAHEDRAL ML 4 COMPLEXES AND 

ELECTRON COUNTING 295 

16.1. Introduction, 295 

1 6.2. The Square Planar ML 4 Molecule, 295 

1 6.3. Electron Counting, 298 

1 6.4. The Square Planar-Tetrahedral ML 4 Interconversion, 304 

17. FIVE COORDINATION 310 

17.1. Introduction, 310 

17.2. TheC 4 „ ML 5 Fragment, 311 

17.3. Five Coordination, 313 

1 7.4. Molecules Built up from ML S Fragments, 326 

1 7.5. Pentacoordinate Nitrosyls, 334 

18. THE C 2 „ ML 3 FRAGMENT 339 

18.1. Introduction, 339 

1 8.2. The Orbitals of a C 2 „ ML, Fragment, 339 

1 8.3. ML 3 -Containing Metallocycles, 343 

1 8.4. Comparison of C 2v ML 3 and C 4l , ML 5 Fragments, 352 

19. THE ML 2 AND ML 4 FRAGMENTS 358 

1 9.1 . Development of the C 2v ML 4 Fragment Orbitals, 358 

19.2. 01efin-ML 4 Complexes, 361 

19.3. The C 2v ML 2 Fragment, 364 

19.4. Polyene-MLj Complexes, 366 

19.5. Reductive Elimination, 372 

20. COMPLEXES OF ML 3 , MCp, AND Cp 2 M 381 

20.1 . Derivation of the Orbitals for a C 3 „ ML 3 Fragment, 381 

20.2. The CpM Fragment Orbitals, 387 


CONTENTS XV 

20.3. Cp 2 M and Metallocenes, 392 

20.4. Cp 2 ML„ Complexes, 394 

21. THE ISOLOB AL ANALOGY 402 

21.1. Introduction, 402 

21.2. Generation of Isolobal Fragments, 403 

21.3. Illustrations of the Isolobal Analogy, 409 

21.4. Extensions, 416 

22. CLUSTER COMPOUNDS 422 

22.1 . Types of Cluster Compounds, 422 

22.2. Cluster Orbitals, 426 

22.3. Wade’s Rules, 432 

INDEX 441 


CHAPTER ONE 


Atomic and 
Molecular Orbitals 


1.1. INTRODUCTION 

The goal of this book is to show the reader how to work with and understand the 
molecular orbital structure of molecules and solids. It is not our intention to pre- 
sent a formal discussion of the tenets of quantum mechanics or to discuss the 
methods and approximations used to solve the molecular Schrodinger equation. 
There are several excellent books’* s which do this and many “canned” computer 
programs which are readily available to carry out the numerical calculations at dif- 
ferent levels of sophistication. The real challenge, and the motivation behind this 
volume is to be able to understand where the numbers generated by such computa- 
tions actually come from. The first part of the book contains some mathematical 
material on which we will be able to build a largely qualitative discussion of molec- 
ular orbital structure. We will see how the level structure of complex molecules 
may be constructed and how these orbitals change as a function of a geometrical 
perturbation or as a result of the presence of a second molecule as in a chemical 
reaction. We shall see that many concepts and results together form a common 
thread which enables different fields of chemistry to be linked in a satisfying way. 

1.2. ATOMIC ORBITALS 

The molecular orbitals (MOs) of a molecule are usually expressed as a linear combina- 
tion of the atomic orbitals (LCAO) centered on its constituent atoms, as we shall 
see later. These atomic orbitals have the form shown in equation 1 .1 . This is 

x(r,0,4>) = R(r) Y(6,4>) 


( 1 . 1 ) 
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TABLE 1.1 


Orbital Type 


Expression for Y 

s 

1 


1 

Px 

x/r 


sin 0 cos 0 

Py 

y/r 


sin 0 sin 0 

Pz 

z/r 


cos 6 

d 2 - y 2 

(x 2 - 

y 2 )lr 2 

sin 0 cos 0 cos 2 0 

** 

(3z 2 

- r 2 )/r 2 

3 cos 2 0 - 1 

d X y 

xy/r 2 


sin 6 cos 0 sin 2 0 

d xz 

xz/r 2 


sin 2 0 cos 0 

dy Z 

yz/r 2 


sin 2 6 sin 0 


a simple product of a function, R(r), which only depends upon the distance, r, of 
the electron from the nucleus, and a function Y(6,<j>) which contains all the angular 
information needed to describe the wavefunclion. The Schrodinger wave equation 
may only be solved exactly for one-electron atoms (e.g., H, Li 2+ ) in which case an- 
alytical expressions for R and Y are found. For many-electron atoms, the angular 
form of the atomic orbitals is the same as for the one-electron atom (shown in 
Table 1.1) but now the radial function R(r) must be approximated in some way as 
will be shown below. 

Figure 1.1a shows a plot of the wavefunction x for an electron in a Is orbital, 
as a function of distance from the nucleus. This has been chosen to be the x axis of an 
arbitrary coordination system. With increasing x, x sharply decreases and becomes 
negligible outside a certain region indicated by the dashed lines. The boundary sur- 



(b) 




FIGURE 1 .1 . Radial part of the wavefunction for a Is (a) and 2 p (b) orbitals showing an arbi- 
trary cutoff beyond which R(r) is less than some small value. The surface in three dimensions 
delined by this radial cutoff is shown in (c) tor the Is orbital and in (d) for the 2 p orbital. 


face of the s orbital, outside of which the wavefunction has some critical (small) 
value, is shown in Figure 1.1c. The corresponding diagrams for a 2 p x orbital are 
shown in Figures 1.1b and 1. Id. Note that the wavefunction for this p orbital changes 
sign when x -*• -x. It is often more convenient to represent the sign of the wavefunc- 
tion by the presence or absence of shading of the orbital lobes as in 1.1 and 1.2. 


s 

z t GXD = 

U* 

0 
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1.1 1.2 

The characteristic features of s,p, and d orbitals using this convention are shown in 
Figure 1 .2 where the positive lobes have been shaded. By squaring the wavefunction 
and integrating over a volume element the probability of finding an electron within 
that element is found. So there is a correspondence between the pictorial representa- 
tions in Figure 1 .2 and the electron density distribution in that orbital. In particular, 
the probability function or electron density is exactly zero for the p x orbital at the 
nucleus (x = 0). In fact, the wavefunction is zero at all points on the yz plane. This 
is the definition of a nodal plane. In general, an s orbital has no such angular nodes, 
a p orbital one node, and a d orbital two. For the d 2 orbital there are two nodal 
cones as shown in 1.3 at an angle 0 = 54.73°. In general, an atomic wavefunction 


z z 



FIGURE 1.2. Atomic s, p, and d orbitals drawn using the shading convention described in the 
text. 
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with quantum numbers n, l, m will haven - 1 nodes altogether, of which/ are angular 
nodes, and, therefore, n- l- 1 are radial nodes. (Sometimes it is stated that there 
are n nodes altogether. In this case the node which always occurs as r -*■ °° is in- 
cluded in the count.) 

As mentioned above the radial function R(r) for many- electron atoms needs to 
be approximated in some way. The atomic orbitals most frequently employed in 
molecular calculations are Slater type orbitals (STOs) and Gaussian type orbitals 
(GTOs). Their mathematical form makes them relatively easy to handle in machine 
calculations. An STO with principal quantum number n is written as 

X(r, 0,0) “f"' 1 exp(-fr)- T(0,0) 0-2) 

where ? is the orbital exponent. ? is obtained by applying the variational theorem 
to the atomic energy evaluated using the wavefunction of equation 1.2. Tit is theorem 
tells us that an approximate wavefunction will always overestimate the energy oi a 
given system. So minimization of the energy with respect to the variational param- 
eter ? will lead to determination of the best wavefunction of this type. Slater has 
compiled a set of rules which reproduce in general the variation of ? across the Peri- 
odic Table. 6 Sometimes we may wish to be more exact and choose a double zeta 
basis set for our molecular calculation made up of wavefunctions of the type 

x CX r ~ 1 [c, exp(-f,r) + c 2 cxp(-? 2 z)] • Y (1.3) 

where now the atomic energy has been minimized with respect to f , and f 2 . Often 
it is found that observables such as molecular geometry are best reproduced by ab 
initio calculations if “polarization” functions are added to die basis set. l-or example, 
we might choose a wavefunction for the 2 p orbital of the carbon atom as 

X = c,x(2p) + c 2 x(3rf) O- 4 ) 

where the 3 d wavefunction has an angular function, Y, corresponding to a d orbital 
and the radial part of equation 1 .2 for n = 3. Commonly p functions are added to 
the basis set for hydrogen atoms. These polarization functions will lower the total 
energy calculated for the molecule according to the variation principle and their 
inclusion may lead to a better matching of observed and calculated geometries. 
However, these polarization functions do not generally mix strongly into the oc- 
cupied molecular orbitals and are not chemically significant. Even in so-called "ab 
initio ” calculations, therefore, there is considerable choice as to the basis set (equa- 
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tions 1 .2-1 .4) and indeed of the exponents, f , themselves. In practice the details 
of the basis set chosen for a given problem rely heavily on previous experience. 

A general expression for a Gaussian type orbital (GTO) is 

X(x,y,z) (x x‘y l z k exp(-ar 2 ) (1.5) 

where /, /, k are positive integers or zero. Here a is the orbital exponent. Orbitals 
of s, p, and d type result when / + / + k = 0, 1 , 2, respectively. For example, a p x 
orbital results for i = 1 and j = k = 0. The one major difference between STOs and 
GTOs is shown in 1.4 and 1.5. Unlike GTOs, STOs are not smooth functions at the 



origin like the hydrogenic functions. The great convenience of GTOs, however, lies 
in the fact that evaluation of the molecular integrals needed in ab initio calculations 
is performed much more efficiently if GTOs arc used. In practice, the functional 
behavior of an STO is simulated by a number of GTOs with different orbital ex- 
ponents (equation 1 .6) 

exp (-£r) -c, exp (-a,/- 2 ) + c 2 exp (-a 2 r 2 ) + • • • (1.6) 

where GTOs with large and small exponents are designed to fit the center and tail 
portions, respectively, of an STO. If n GTOs are used to fit each STO, then the 
atomic wavefunctions are of STO-wG quality, using the terminology in current 
usage. 


1.3. MOLECULAR ORBITALS 


For a molecule with a total of m atomic basis functions (xi , X 2 . ‘ ’ ' , Xm }> there 
will be a total of m resultant molecular orbitals constructed from them. For most 
purposes these atomic orbitals can be assumed to be real functions and normalized 
(equation 1 .7) such that the probability of finding an electron in x M when integrated 
over all space is unity. Here > s the complex conjugate of x^. In equation 1 .8 we 
show an alternative, useful, way of writing such integrals. The molecular orbitals of 


XmX m dr - 


xl dx dy dz = 1 



( 1 . 8 ) 


a molecule are usually approximated by writing them as a linear combination of 
atomic orbitals (LCAO) such that 
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'l'i = CiiX\ +<?2>X2 + - ' + c mlXm 
= Z^m/Xm ' M 

M 

where i= 1, 2, • ■ • , m. These MOs are normalized and orthogonal (i.e., orthonormal), 
namely 

< i/// 1 J i//* i/// dr = 5^ (1-10) 

where 5,-,- =1 if i =/ and = 0 if / #/. Note that the sum in equation 1 .9 runs over 
all the atomic orbitals of the basis set. The c# are called the molecular orbital co- 
efficients. They may be either positive or negative and the magnitude of the coeffi- 
cient is related to the weight of that atomic orbital in the molecular orbital. Equation 
1.9 is perhaps at first sight the most frightening aspect of delocalized molecular 
orbital theory. For a molecule of any reasonable size, this obviously represents 
quite a large sum. In actual fact, not all of the c ui will be significant in a given molec- 
ular orbital i Some will be exactly zero, forced to be so by the symmetry of the 
molecule. Generally the more symmetric the molecule the larger the number of c ^ 
which are zero. Furthermore, symmetry requirements often dictate relationships 
(sign and magnitude) between orbitals on different atoms. We shall devote a consider- 
able amount of effort to provide simple ways to understand how and why the orbital 
coefficients in the molecular orbitals of molecules and solids turn out the way they 
do. 

The molecular orbital coefficients (/, p = 1 , 2, • • ■ , m) which specify the na- 
ture, and hence, energy of the orbital i p h are determined by solving the eigenvalue 
equation of the effective one-electron Hamiltonian, // cff , associated with the mole- 
cule (equation 1.1 1): 

( 1 . 11 ) 

What // ofr is exactly we shall leave for the moment and discuss more fully in Chapter 
8. The resultant energy e t measures the effective potential exerted on an electron 
located in i p,-. This molecular orbital energy is the expectation value of // eff , that is, 

C, “ Jtfrfr " <*,|*,> 1 ' 

= <* f ]// eff | * f > ( 1 - 13 ) 

Given two atomic orbitals x» and Xv centered on two different atoms, the over- 
lap integral is defined as 

S» v = <Xn\Xv> ( 1 - 14 ) 

Its origin is clear from the spatial overlap of the two wavefunctions in 1 .6 where we 
have chosen two Is orbitals from Figure 1.1 as examples. 1.7 shows an alternative 
representation in terms of two orbital lobes. For the purposes of clarity this is better 
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written as in 1.8. According to the sign convention of 1.1, the overlap integrals in 
1.9 and 1.10 are given by equations 1.15 and 1 .16, respectively. This simply shows 

<X,i|-Xr> = (-l)<X^|x w > = -5^ (1.15) 

<-X M |“Xv> = (-l) J <X/i |x v > = Sw (1-16) 

that the overlap integral between two orbitals is positive when lobes of the same 
sign overlap and negative when the two lobes have opposite signs. Figure 1 .3 shows 
pictonally some of the various types of overlap integrals that are encountered in 
practice. The 0 type overlaps shown in Figures 1.3a-1.3d contain no nodes along 
ihe intemuclear axis, the v type overlaps (Figure 1.3e-1.3g) are between orbitals 
with one nodal plane containing this axis, and those of 5 type (Figure 1.3h-1.3i) 
contain two such nodal planes. The variation of the overlap integral with the distance 
between the two atomic centers depends in detail upon the form of R(r) chosen in 
equation 1.1, but clearly will approach zero at large intemuclear distances. When 
the two interacting orbitals are identical, the overlap integral will be unity when the 
separation is zero as shown by equation 1 .7 for this hypothetical example. A com- 
plete .9 vs. r curve for the case of two Is orbitals is shown in 1.11. It may be readily 
seen from Figure 1 .1 that the overlap between an s orbital and a p orbital at r = 0 is 
identically zero, as shown in 1.12. The angular dependence of the overlap integral 



( 0 ) (b) ( C ) 



(9> ~ (h) (i) 


FIGURE 1.3. Types of overlap integrals between atomic orbitals, (a)-(c) correspond to a over- 
lap. (e)-(g) correspond to it overlap and (h), (i) correspond to 5 overlap. 
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follows immediately from the analytic form of Y(0, <p) in equation 1.1 .We can often 
write the overlap integral as in equation 1.17: 

V /(angular geometry) (l- 17 ) 

S M „(X, r ) depends upon the distance between the two orbitals and the nature, X = 
o, 7r, or 5, of the overlap between them. It is also, of course, strongly dependent 
upon the identity of the atoms on which the orbitals /a and v are located. The angular 
geometry dependent term is independent of the nature of the atoms themselves and 
only depends upon the description ( s , p, or d) of the two orbitals. 6 The angular 
variation of some of the more common types of overlap integral are shown in Figure 
1.4. 

The energy of interaction associated with two overlapping atomic orbitals Xp 
and Xv is given by 

//Mv=<X M |// efl '|x„> d-18) 

The diagonal element (when p = v in equation 1 .1 8) refers to the effective po- 
tential of an electron in the atomic orbital Xp ■ The off-diagonal element II ^ can be 
approximated by the equation 

//p„ = K{H m + H„„) V (1.19) 

which is known as the Wolfsberg-Helmholz formula. (K is a proportionality con- 
stant.) Since the 11^ are negative quantities, a -S^ which implies that the in- 

teraction energy between two orbitals is negative (i.e., stabilizing) when their over- 
lap integral is positive. There are a number of ways to compute II uv , dependingupon 
the level of approximation. The important result, however, is that, whatever the 
exact functional form, there is a direct relationship between // M „ and 

The overlap integral, , and the interaction integral // M „ (often called the reso- 
nance integral or hopping integral) are symmetric such that = .S'„ M and //„„ = //„ M . 
(This second equality arises because of the Hermitian properties of the Hamiltonian.) 
For an arbitrary function i //,• (equation 1.9), the integrals needed in equation 1.12 
may be written as 

<'Pl\'Pl> = /^XA/ J^XvCvi 

~ y. y~, c iiiSiu> c vi = ^ 


( 1 . 20 ) 



0° 45° 90° 



0° 45° 90° 


FIGURE 1.4. Angular dependence of the overlap integral for some commonly encountered 
pairs of atomic orbitals. 
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<*,.|// e >i>=^: Xn c ui\ H etf X 


X X C * H lu’ c vi = B 


( 1 . 21 ) 


If i pi is an eigenfunction of H eff , then it will be normalized and equation 1 .12 will 
result, but for an arbitrary i p h A will not be equal to unity. From equation 1.12, 
the energy <?,- is given by 

<»f|^ eff |»/> _ B ..... 

e ‘ A 

According to the variational theorem, the coefficients c„i are chosen such that the 
energy is minimized, that is, 


dCj _ de, _ 
tell 9c 21 

For any coefficient c Ki (k = 1 , 2, • • ■ , m) 


de, = _3_ / B\_ J_ B_ 9/1 

<>c K t 9 c K , \A/ A 9 c K , A 2 9 c K , 

_ 1 / 9fl 9/1 \ 

A \9c„, ” C ‘ 9 c.,t 


A \9c Ki 9 c Ki f 

= 0 from equation 1 .23 


(1.23) 


(1.24) 


9 B 9/1 „ 

T - — = 0 

dc Ki d c Kl 


(1.25) 


Since the indices n and v in equations 1 .20 and 1 .21 are only used for summation 

T = X^KV C vi + X SflK c ut 


~ 2 X b ku c u 


(1.26) 


Similarly, 


9 . 2 1 l n Kn c m 

OL KI u 


Combining equations 1.25-1.27, 

X H KtiCfii ~ L’j X $K p c pi ~ X. (HkU ~ e i^Kii) c pi ~ 0 


(1.27) 


(1.28) 


MOLECULAR ORBITALS 


11 


Here as a reminder, i indexes the molecular orbital level while p, v, and k index the 
pth, Pth, and xth atomic orbitals, respectively, in the LCAO expansion of equation 
1.9. Equation 1.28 is satisfied for k = 1, 2, • • • , m and the explicit form of these 
m equations is 

(//a “ */^n) c li + (^12 - e tSn) c 2 i + " - + (^lm‘ e /^lm) c mi = 0 
(// 2 | - e/Sji )c t j + (// 22 - e,-5 22 ) c 2i + • • • + ( Him ~ C/5 2m ) c m j = 0 

(//„,, - e,S m i)c„+(tf m2 - e,S m2 )c 2i + ■ • • + (// mm - c mi = 0 

(1.29) 

A well-known mathematical result from the theory of such simultaneous equations 
requires the following determinant to vanish. 

H n - e,S , , H i2 -e i S ) 2 ■ • ■ H lm - e t S lm 

// 2 I _ e /^2l ^22 “ f /^22 " 'Hi m “ C (^2m = 0 

^mi _ e Ai H m 2 - e,S m2 • • - ejS mm (1.30) 

Solution of the polynomial equation that results from expansion of the determi- 
nant 1.30 provides m orbital energies «?/ (/= 1, 2, • • • , m) which, according to the 
variational theorem, are a set of upper bounds to the true orbital energies. Written 
in matrix notation, equation 1 .30 becomes 

|^-C/S KM | = 0 (1.31) 

As we will see in Chapter 2, the coefficients c M ,- are determined from the secular 
equations 1 .29 and the normalization condition 

<v/,ki>=zz^v^=i (132) 

H v 
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CHAPTER TWO 


Concepts of Bonding 
and Orbital Interaction 


2.1. ORBITAL INTERACTION ENERGY 

The derivations of Chapter 1 were very general ones. Here we look in some detail at 
the illustrative case of a two-ccnter-two-orbital problem. Two atomic orbitals, Xi 
and X 2 . are centered on the two atoms A and B (2.1). (In Chapter 3 we will show 


how the results can be generalized to the case of two orbitals located on molecular 
fragments A and B.) The molecular orbitals resulting from the interaction between 
Xi and X 2 can be written as 

= XiCn +X2C21 

4*2 = Xl C 12 + X2 C 22 (2-1) 

The overlap and interaction integrals to consider are 

<Xi |X.> = <X 2 |X2> = 1 

<X.Ix 2 > = S 12 (2-2) 


<Xi |// eff |xr > = //n -c? 
<Xa|// eff |x2> = tf 2 2=e°2 

<X 1 |// Cff |X2> = //.2 = An 


12 


(2.3) . 


where at die right-hand side of equation 2.3 we introduce a notation which will be 
useful. The diagonal elements H u and H 22 are sometimes called the Coulomb inte- 
grals. Recall from Section 1.3 that S l2 = S 2 , so that A, 2 = A 2 , . If xi and X 2 are so 
arranged that S l2 is positive, then from equation 1 .19, 

A| 2 “ - 1 S 12 < 0 (2.4) 

The molecular orbital energies in this two orbital case, e t (/' = 1 , 2), are obtained by 
solving the secular determinant (equation 1 .30) shown in equation 2.5 for this par- 
ticular example 

<?? - e, A, a - e,S 12 

Ai 2 - e/S n e§ - e t 

Expansion of equation 2.5 leads to 

(<?? - e,)(e\ - ei ) - (A, 2 - e,S l2 ) 2 = 0 (2.6) 

Ttie form of the solutions e t of this equation will be examined for a degenerate case 
(e? = e \) and for the general nondegenerate case (e? =Ae 2 ). 

A. DEGENERATE INTERACTION 




When the interaction between Xi and X 2 is not strong (S l2 is small), then some 
very useful mathematical approximations may be used to simplify equation 2.7. 
Using the first two expressions in Table 2.1, the equations 2.8 and 2.9 result in 


TABLE 2.1. 

Some Mathematical Simplifications 

Function 

Approximate Expression 

1 

l- x+x 2 

1 + x 


1 


1 -x 

1 +x +x 2 + • • • 

Vl +x 

1 + \ x- ■ • • 

1 

Vl +X 

1 - \ x + • • • 

2 
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e, = i + ^ - = (g? + A„)(l ~ S l2 +Sh-"‘) 

— c? + (A 12 ~ e?5 )2 ) - 5 i 2 (A 12 _ e? S\i) (2-8) 

e 2 = i ~ f 11 s (e°i - A, 2 )(l + S 12 +S& + ---) 

1 ^12 

— e? - (A 12 - e? 5 , 2 ) - 5 12 (A 12 - e? S l2 ) (2-9) 

For any realistic case.e? is negative and normally (A, 2 - e? S !2 ) is negative too (i.e., 
!a, 2 | > je? S 12 1). So ip, is stabilized by the presence of the second term in equa- 
tion 2.8 but ip 2 is destabilized by the second term in equation 2.9. Both levels are 
destabilized by the third term in equations 2.8 and 2.9. These results are shown 
pictorially in 2.2. The important result is that with respect to the atomic orbital 



e°-( A| 2 -6 °s |2 ) 


L e° +(A| 2 e ° s i 2 ) 

level e°, the raising ( destabilization ) of the e 2 level is greater than the lowering (stabi- 
lization) of the e, level. The origin of this effect is easy to see. It arises because the 
orbitals Xi and X 2 are not orthogonal (i.e., S 12 =A 0). Putting S i2 = 0 in equation 
2.7 leads to e,- = ± A 12 and this asymmetry disappears. Putting electrons into these 

resultant molecular orbitals allows calculation of the total interaction energy, Ah, 
on bringing together the two atomic orbitals Xi and X 2 - Two important cases are 
shown in 2.3 and 2.4, the two-orbital-two-electron case and the two-orbital-four- 




electron case, respectively. Using the results of equations 2.8 and 2.9, and weighting 
each orbital energy by the number of electrons in that orbital leads to 
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A^ = 2e, - 2e°, — 2(A ]2 - e?S 12 )(l - S 12 ) (2.10) 

Ahf^ = 2(<?i + e 2 ) - 4e° — -4,S', 2 (A 12 - e°S l2 ) (2.11) 

Since for S l2 >0 the term (A 12 - e?5 12 ) is negative, the two-orbital-two-electron 
interaction is stabilizing (i.e., A/T (2) <0) but the two-orbital-four-electron inter- 
action is destabilizing (i.e., A > 0). 

The arrangement shown in 2.3 is not the only way to put two electrons into 
these two molecular orbitals. 2.5 shows an alternative pattern with a total interac- 


«z 



tion energy of A£" (4) /2. Since the electron spins in 2.5 give rise to the lowest energy 
when they are parallel, this arrangement is called the high spin case, to be contrasted 
with the low spin arrangement of 2.3, where they are paired. The stability of the 
high spin state compared to the low spin one will be examined in detail in Chapter 
8 but as a general rule of thumb, when the interaction between the atomic orbitals 
is strong, the resultant molecular orbitals are split by a moderate amount, and the 
low spin situation is favored. When the two molecular orbitals are degenerate or 
close together in energy then the high spin arrangement is more stable. 

B. NONDEGENFRATE INTERACTION 


When e° ^e 2 , without loss of generality e°, may be assumed to be lower in energy 
than e 2 , that is, e 2 - e° > 0. Rearrangement of equation 2.6 leads to 


(1 - Sf 2 ) ef + (2 A 12 5 12 - e? - e\) e, + (*? e° 2 - A? 2 ) = 0 
and the solutions of this quadratic equation given by 

-b-y/D 


( 2 . 12 ) 


-b + s/D 


(2.13) 


a = 1 - S?2 


b = 2 Aj 2 Si 2 e? e 2 
D = b 2 - 4 ac 


(2.14) 
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c = e? e 2 - A 2 2 

Approximate expressions for e, and e 2 are found as follows. First Dean be expanded 


D = ( 2 A I2 S I2 - e? - e° 2 y - 4(1 - S? 2 )(e?e? - A? 2 ) 
= (e° - e 2 ) 2 + 4(A 12 - e? A 12 )(A 12 - e 2 5 !2 ) 


(2-15) 


From Table 2.1 , 


■sfD = -(e1- e%) [lH 

“-(«?- «S) [l 


4(A 12 -e?S 12 )(A 12 -e° 2 5 12 )l 1/2 

(el - e\y J 

2(A I2 - e?,S , 12 )(A] 2 - <? 2 5 12 )"1 

H j 


(2.16) 


assuming small interaction between xi and X 2 as before. |We have a negative sign 
in front of e? - e° 2 (<0) to ensure that %/D>0.] By manipulation of equations 

2.13, 2.14, and 2.16, 

2(1 - S? 2 ) e, = e? + e% - 2 A 12 S 12 + (e? - e° 2 ) 

r 2(A, 2 - e?5 l2 )(A, a - e^', 2 ) ~| 

' l! M - «S>’ J 

_ r (A, 2 - e?6' 12 )(A, 2 - e°5, 2 ) 1 


j^e? - A i2 5 12 


el - e° 2 




and so 


„ (A )2 e°S ]2 ) 2 

e, “ e,+ " e?-eT“ 

A similar expression is found analogously for <? 2 : 

« (Ai 2 - e\S] 2 y 


(2.17) 


(2.18) 


(2.19) 


2.6 shows the orbital energies pictorially. As a result of the interaction, the lower 
level e? is depressed in energy and the higher level e 2 is raised in energy. Notice 
that since e° 2 >e?, (A 12 - e?S 12 ) 2 <(A I2 - e° 2 S l2 )\ In other words, the higher 
energy orbital is destabilized more than the lower energy orbital is stabilized, just 
as found for the degenerate case above. The total interaction energies for the 
analogous two-orbital-two-electron and two-orbital-four-electron cases of 2.7 and 
2.8 are simply obtained. 
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A £< 2 > = 2e, - 2e? 

f (2 - 20) 

A£ (4) = 2(e, + e 2 ) - 2(e? + e 2 ) 

^ =-45 12 (A 12 --^i-S l2 ) (2.21) 

A£ (2) is negative since e? - c> 2 < 0. We have already noted that (A[ 2 e°,S l2 ) and 

(A, 2 - e 2 6’ )2 ) are negative if .S' 12 > 0 and thus A£ (4) is positive. 

The qualitative aspects of these orbital interactions may be summarized as in 

Table 2.2 which shows that: 

1. In both degenerate and nondegenerate orbital interaction cases, a two- 
orbital-two-electron interaction is stabilizing while a (wo-orbital-four- 
elcctron interaction is destabilizing. 

2. Regardless of whether the orbital picture contains two or four electrons, the 
magnitude of the total interaction energy increases with increasing overlap. 

3. In a nondegenerate orbital interaction the magnitude of the interaction en- 



18 


CONCEPTS OF BONDING AND ORBITAL INTERACTION 


MOLECULAR ORBITAL COEFFICIENTS 


19 


TABLE 2.2. 

Summary of Orbital Interactions 

Case 

Orbital Interaction Energy 

2.3 

A £ (2) «-S, 2 

2.4 

A£< 4) «Sf 2 

2.7 

^-w-^i 

2.8 

Afi’ (4) cc5? 2 


ergy is inversely proportional to the energy difference between the interact- 
ing orbitals. 

4. In both degenerate and nondegenerate cases the resultant upper molecular 
level is destabilized more than the lower one is stabilized. 

These results arc important ones and will be frequently used in later chapters. 
It is worthwhile to mention here, however, that the destabilization associated with 
the two-orbital-four-electron situation is behind the nonexistence of a bound mole- 
cule for He a or Be 2 , which have this orbital pattern. 


2.2. MOLECULAR ORBITAL COEFFICIENTS 

The MO coefficients c u and c 2l of equation 2.1 are determined from the simulta- 
neous equations 1.29 (shown for the present case in equation 2.22) and the normal- 
ization condition equation 2.23. 

(e? - e,) c u + (A,a - e,S l2 ) c 2t = 0 

(A n - e,Si 2 ) c u + (eg - e,) c 2l = 0 (2.22) 

< 4>i | '/'/> = c 2 u + 2c Ii c 2l S, 2 + c\, = 1 (2.23) 

The coefficients c u and c 2i for i'= 1, 2 will be obtained for the degenerate and non- 
degenerate cases described above. 

A. DEGENERATE INTERACTION 

Since e° = e 2 , either of the equations 2.22 leads to 

3*— A C? ~V = 1 (2.24) 

Cu A I2 - S 12 

■ 

and so from equation 2.23, 


C 11 ~ c 2 i - ± 


V2 + 2S i2 


which leads to 


'I'i =±- 


(X i +Xa) 


y/2*2Sl 2 

The coefficients of tlie MO \p 2 are obtained in a similar manner 


C 12 
Cl 2 


e° } - e 2 


A | 2 - e 2 S I2 

Use of the normalization condition leads to 


= -l 


(2.25) 


(2.26) 


(2.27) 


»» = ± ( xi-xa ) (2.28) 

y/2 2S i2 

The nodal properties of the MOs i//, and i p 2 are shown in Figure 2.1 where the 
positive signs from equations 2.26 and 2.28 are arbitrarily chosen. Equation 1.11 
shows that if i// ( - is an eigenfunction of H eff so is - 1 p,. What is important, therefore, 
is not the overall sign of the MO i p lt but the relative signs of its MO coefficients. 
Irrespective of overall sign chosen for i the important point is that Xi and X 2 are 
combined in-phase in die lower lying orbital \p t and out-of-phase in the higher lying 
orbital \j/ 2 . From now on we will only show one sign for our MOs. 

While Cu =c 21 and c 12 =c 22 , it is clear from equations 2.26 and 2.28 that c,i # 
c, 2 . This is a consequence of the relationship 1 > S ]2 > 0. The general result is that 
the atomic coefficients for the higher lying level in Figure 2.1 are larger than those 
for the lower lying level. 


*2 


X| C|2 


X 2 C 22 




FIGURE 2.1 . Molecular orbital diagram showing details of the degenerate interaction between 
the two atomics orbitals, xi and X 2 - 
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B. NONDEGENERATE INTERACTION 


From equations 2.18 and 2.22, 


e? - <?! 


C(i Al 2 _e l'Sl 2 1 tS i2 

where t = (A 12 - e?5 12 )/(e? - e° 2 ). From Table 2.1 , this ratio may be rewritten 


(2.29) 


~ “ = /(I + tS 12 + •••) — / 

c 11 1 ~ to 12 


(2.30) 


by neglecting terms greater than second order in t and S 12 . Using the normalization 
condition (equation 2.23) and this result 

^ (2 - 3i) 

From Table 2.1 , this may be rearranged and approximated as 

C„ = , \ ~ 1 - tf la - i t 2 (232) 

Vl+2 tS 12 + t 2 

Combined with equation 2.30, 

c 2 i = ten = t (1 - tS\z ~ 5 t 2 ) — t (233) 

where, as before, terms greater than second order in t and S 12 have been neglected. 
The final form of the MO i//j is then 

\fri -(1 - tS i2 - 1 t 2 )Xt + ‘X2 (234) 


with a similar expression for tp 2 


' 2 t' 2 )x 2 


where t' = (A 12 - e 2 S n )/(e 2 - e?). The two functions t and t' are often called the 
mixing coefficients because t, for example, describes how orbital X 2 mixes into Xi 
to give an orbital still largely xi in character. 

Since invariably A 12 - ef S 12 < 0, 

Al V g? o 5 l? - g 7^> 0 < 236) 

and 


A 12 ~ ^ 2^12 _ ^ q 

e° 2 - e\ (+) 


(2.37) 
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X|C|| X 2 C 2 | 


FIGURE 2.2. Molecular orbital diagram showing details of the nondegenerate interaction be- 
tween two atomic s orbitals, xi and X2- 

where the symbols (+) and (-) indicate that the mathematical quantities represented 
by the parentheses have positive and negative signs, respectively. In a normal or- 
bital interaction, therefore, the higher energy orbital x 2 niixes in-phase into the lower 
level x 1 to give the lower lying MO , while the lower level Xi mixes out-of-phase 
into the higher level X 2 to give the higher lying MO 1 1/ 2 . The magnitudes of the 
mixing coefficients r and t' are small when S i2 and A )2 are small. So the major 
orbital character of the lower lying MO, \pi , is given by tire lower atomic orbital 
Xi . Conversely, the major orbital character in \p 2 is contributed by X 2 • A- s the two 
levels e° and e\ become closer in energy, the weight of the higher atomic level X 2 
in the lower lying MO i//, increases, as does the weight of Xi in tj/ 2 . As examined in 
the degenerate case, when e? = e 2 , then x 1 and x 2 have equal weights in 1 and 1 \i 2 . 
The nodal properties of the MOs and \p 2 are illustrated in Figure 2.2 where the 
relative magnitudes of the coefficients c u and c 2i ( 1 = 1 , 2 ) are represented by the 
relative sizes of the orbital lobes Xi and X 2 - respectively. Here again it may easily 
be shown that /' > t, or in other words, that the atomic coefficients for the high 
lying level i // 2 in Figure 2.2 will be larger than those for the low energy combina- 
tion \p 1 . 

2.3. ELECTRON DENSITY DISTRIBUTION 

One way that provides further insight into the energy changes that occur when x 1 
and X 2 are allowed to interact is to use equation 1 .13 along with the form of the 1 //,- 
to calculate the new orbital energies 

ei = <^, |// eff | «//, > 

= <(1 - lS l2 - \ f 2 )xi + (1 - f Si 2 - J f 2 )Xi + tX 2 > 

-(1 - 2 tS, 2 ~ t 2 )e? +2/ A I2 +t 2 e° 2 

LEHRSTUHLF. 
iMlCnWP I 


theoretis&IWmie 
iwu/PRislT AT MOUGHEN 
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Here terms greater than second order in t and S X2 have been omitted. It is easy to 
show that equations 2.38 and 2.18 are identical. An analogous equation holds for 
e 2 : 

e 2 ~(1 “ 2 t'S l2 - t' 2 )e° 2 + 2 1' A l2 + f' 2 e? (2.39) 

The origin of the various terms in these two equations is best understood by look- 
ing at the electron density distribution associated with i /i, and ip 2 . This is given in 
general by i pf. In a way analogous to the derivation of equations 2.38 and 2.39, 
this can be seen to be 



tf^(l-2tS l2 -t 2 ) X l +2f X ,X2+f 5 xI 

(2.40) 

and 

^-(l-2f'5,2-f' 2 )xl+2/'x,X2+f' 2 X? 

(2.41) 

Upon integration over space, 


for I//, 

1 =(1 - 2tS l2 - r 2 )<Xi |xi> + 2/<Xi |x 2 > + <X 2 |X 2 > 

(2.42) 

for ip 2 

1 = (1 - 2t'S t 2 - t' 2 ) < X 2 |X 2 > + 2/'( Xl |x 2 > + f ** <Xi |Xi 

> 



(2.43) 


These equations show that the electron density associated with i //, may be decom- 
posed into a density (1 2 rS l2 - t 2 ) in the region of atom A which holds orbital 
Xi , a density l 2 in the region of atom B which holds orbital X 2 > and a density 
2f<Xi | X 2 ^ = 2 T5 , 2 in the region between A and B. A similar decomposition occurs 
for \p 2 . For positive t (the case for i//,) then, as shown in 2.9, there occurs a shift of 
electron density from the region of A to that between A and B. Energetically from 
equation 2.38 a stabilization results and the atoms A and B will experience an attrac- 
tive contribution to their pairwise energy if i //, is occupied by electrons, i //, is thus 
a bonding molecular orbital. For the case of i j> 2 , t' is negative and this results (2.10) 
in removal of electron density from the region between A and B (equation 2.43). 
A corresponding destabilization (equation 2.39) results and 4/ 2 is thus an antibond- 
ing orbital. Figure 2.3 shows this for the degenerate interaction in terms of the 
electron density distribution along the internuclear axis. \p 2 , is larger than x? +x! 
and is smaller than x? + x 2 in the bonding region. 



- • 

1 2 

t>o 


2.9 


|2t'S, 2 | 



I 2 


t'<0 

2.10 


For a polyatomic molecule with molecular orbitals described in general by equa- 
tion 2.44, this analysis may be extended to give the net electron population of an 
atomic orbital (f’ MM ) and the overlap population (P^) between two atomic orbitals 
X M and Xv located on two atoms A, B in the molecule. These two terms will cor- 




FIGU RE 2.3. (a) Buildup of electron density between the nuclei in 1 p 1 compared to two super- 
imposed atomic densitites (dahsed curve), (b) Depiction of electron density between the nuclei 
in 1^2 compared to two superimposed atomic densities (dashed curve). 


^/ = Z C P/Xp (2-44) 

M 

respond, respectively, to the amount of electron density left behind in orbital Xfl 
after the interaction between the constituent atomic orbitals of the molecule, and 
the amount transferred to the region between A and B which will contribute to AB 
bonding. If each molecular orbital 1 pj contains iij electrons (n t = 0,1, or 2), then 


Pnn = 

1 

(2-45) 

Pm, = ^ 2l?;C M , 

(2.46) 


i 


a larger overlap population, P^, implies a stronger bond and a larger bond order 
between the two atoms A and B. But the actual numbers must be used with care. A 
transition-metal-transition-metal single bond will invariably have a smaller overlap 
population than a carbon-carbon single bond. The overlap integral, S uv , in equation 
2.46 is expected to be smaller between two diffuse metal d orbitals than between 
2s and 2 p atomic orbitals on carbon. The gross population of x M , q M is defined as 

^=^4 L Ph* (2.47) 

Notice that the shared electron density, is divided equally between the two 
a toms in question. The gross atomic charge on each atom is simply the sum of all 
the q M , belonging to that atom minus the nuclear charge of the atom on which or- 
bital Xfi is located. 

We will now apply these ideas specifically to the orbital situations depicted in 
2.3, 2.4, 2.7. and 2.8. Initially for the degenerate interaction of 2.2 for the orbital 
occupation 2.3 
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p '‘ =? ” = KOTr) ,= T4r <1 (2 - 48) 

and 

? ”‘ 4 (W!fr) ,s "'T^7 >0 (2 ' 49) 

which shows a positive bond overlap population and a loss of electron density into 
the bonding region from orbitals Xi and x 2 . This gives rise to a stablizing situation. 
The converse is true for the case of 2.4 however. Here 

p n - /> ”~ 2 (v2 + 2 S 12 ) + 2 C/2 - 2S I2 ) = 1 - S} 2 > 2 (2 50) 


p '' u 4 krmr) a 5 »- 4 (^W) t 5 ""r ^ <0 (251) 


which shows a transfer of electron density out of the bonding region such that P u > 
2 and the bond overlap is negative. Tliis stems from the result, shown in Figure 2.3, 
that with respect to the superposed atomic orbital density x? +xl. the electron 
gain resulting from occupation of i p 2 in the region between A and B is smaller than 
the electron loss from this region by occupation of i p 2 . These results and the cor- 
responding ones for the situations of 2.7 and 2.8 are summarized in Table 2.3. 
These are broadly similar. The two-orbital-two-electron case results in a positive 
bond overlap population, the two-orbital-four-electron case in a negative bond over- 
lap population. In the former, there occurs an electron density shift from Xi to 
X 2 as a result of the orbital interaction (i.e., P 22 = 2 1 2 >0). A two-orbital-two- 
electron interaction is therefore often called a charge transfer interaction. As shown 
in 2.11, the initially doubly occupied and empty orbitals Xi and x 2 are called the 
donor and acceptor orbitals, respectively. 


TABLE 2.3. Summary of Population Analyses 


Case 

2.3 

2.4 

2.7 

2.8 

Pn 

1 

1 + S, 2 

2 

i -sh 

2(1 -2 tS l2 -t 2 ) 

2(1 +S? 2 ) 

P 2 2 

1 

1 + s 12 

2 

i-sh 

It 1 

2(1 +S? 2 ) 

Pit. 

2S I2 
1 + S 12 

4S? 2 
1 -5? 2 

4 tS l2 

"4 Sh 

</i 

1 

2 

2(1 - tS l2 -t 2 ) 

2 

<? 2 

1 

2 

2(/S I2 +r 2 ) 

2 
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Having progressed tliis far with a simple two-orbital problem, how do the results 
change for a many-orbital system? The details of this case will be discussed in Chapter 
3. However, it is not too surprising that for the particular example of 2.12 (i.e., a 
single “central" atom surrounded by some ligands) then the single term of equation 
2.1 8 is replaced by an energy sum 


(A„-e? ■$,,)* 

e?-e? 


(2.52) 


with a corresponding summation term to describe the new wavefunction. (In this 
simple expression we have, of course, neglected interactions between orbitals located 
on different ligands.) 


CHAPTER THREE 


Perturbational Molecular 
Orbital Theory 


3.1. INTRODUCTION 

In principle we can perform some sort of molecular orbital calculation on molecules 
of almost any sort of complexity. It is, however, often extremely profitable in 
terms of understanding the orbital structure to relate the level arrangement in a 
complex system to that of a simpler one. 3. 1-3.3 show three examples of different 
types of relationships which we will frequently use. We will be interested in seeing 
how the levels of the species at the left-hand side of these figures are altered elec- 
tronically during these processes by using the powerful techniques of perturbation 
theory. We shall not derive the elements of the theory itself but will make use of its 
mathematical results, 1-4 which will very quickly show a striking resemblance to the 
orbital interaction results of Chapter 2. 

electronegativity perturbation- 

N = N=N N=N=0 3-1 


geometry perturbation' 


H 



/ V H 

H 'h 


3.2 
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Consider a set of unperturbed (i.e., zeroth order) orbitals i p° with energy e° t 
corresponding to the left-hand side of 3.1 to 3.3. In general these orbitals are given 
in terms of atomic orbitals as 

( 3 - 1 ) 

M 

which we assume to be the eigenfunctions of H cff . Thus 

// cff (3.2) 

As a result of perturbation, these orbitals lead to a set of modified (i.e., perturbed) 
orbitals i //,- with energy e t corresponding to the right-hand side of 3.1 to 3.3. In 
perturbation theory, it is customary to expand the perturbed energy e,- as 

e / = e ? +e / 1) + e / 2) + -" (3-3) 

where and e( 2) are the first- and second-order energy corrections to the un- 
perturbed level e ° t , respectively. As a linear combination of the unperturbed orbit- 
als, i p/ can be given by 

1*1= turf + Z hitf ( 3 - 4 ) 

Here the weight of t//° (i.e., the mixing coefficient t lt ) is smaller than one since \j/ t 
is normalized to unity like \!r°. In perturbation theory, the mixing coefficients 7,-,- 
and tji (/ ¥= i) are expanded as 

( 3 - s > 

< 3 - 6 > 

In order to discuss the detailed expressions of the various expansion terms in 
equations 3.3, 3.5, and 3.6, we need to examine what happens to the molecular 
integrals <^®|^>and <i/'?|// eff |^°> as a consequence of electronegativity, geome- 
try, or intermolecular perturbation. When there is no perturbation, the zeroth order 
orbitals are orthonormal, that is, 

<^° = 8// ( 3 - 7 ) 

M v 

and are eigenfunctions of H cU . Thus, 

<4>i \H etf \tf) =XI cliH^h 

H v 

= = ( 3 - 8 ) 

After a perturbation is switched on, some or all of the S uv and // M „ elements change 
in size. For example, the perturbation of replacing a nitrogen with a more electro- 
negative oxygen in 3.1 will result in a change in the elements on this end 
atom and a change in all the interaction elements involving orbitals located on 
that atom. Recall via the Wolfsberg-Helmholz relationship (equation 1.19) 
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+ H vv ). Since the oxygen atom orbitals have different exponents than 
those orbitals on the nitrogen atom they replace, the changes in // M „ elements will 
arise via changes in both and H m where p represents an orbital on the sub- 
stituted atom. The geometry perturbation 3.2 will involve changing U uv values 
between some of the atomic orbitals of the basis as a result of a change in the cor- 
responding overlap integrals demanded by the geometry change. The inter- 
molecular perturbation 3.3 gives rise to nonzero S ^ and H ^ values between the 
atomic orbitals of one fragment and those of the other fragment, since the two 
fragments are brought together in close proximity. 

The changes in and described above make the <i//° \\frf) and <i//°|// uft \<pf) 

integrals deviate from the values of 8y and respectively. Let us denote the 
changes in and H „„ by 5S M „ and SH^,,, respectively. Then the deviation of 
<i//“ \\jjf) from 5 if and that of |// eff |i//°> from ef 5 are given by equations 3.9 
and 3.10, respectively. 


(i v 

ZE c '2/ 5H n.' c “/ = ^<y 

tl V 


(3.10) 


By definition, the Sy and A t/ values are related to the <i pf and <\i if \I/ C,r \\pf) 

integrals as shown in equations 3.1 1 and 3.12, respectively. 


<*?!*?>» i +s„ 

<*?i (i*n 


(3.11) 


W\H e{f \tf) = e? + A ll 
(tf\H ett \tf)=A l , (i*j) 


(3.12) 


In terms of these Ay and S/y values defined above, we will examine the expressions 
of the various expansion terms in equations 3.3, 3.5, and 3.6 in the following. It is 
important to note the following qualitative relationship between A,y and 5,y in our 
discussion. 

(/ = / or /#/) (3.13) 

In what follows we shall not derive any of the details of perturbation theory. The 
reader who wishes to know more is referred to the set of references at the end of 
the chapter. Our aim here is to show how the basic principles may be used in orbital 
construction. 


3.2. NONDEGENERATE PERTURBATION 

In this section wc will consider only cases in which none of the unperturbed levels 
are degenerate. That is, ef =fref if i /'. For the purpose of clarity, it is important 
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to distinguish electronegativity or geometry perturbation from intermolecular 
perturbation. 

A. INTRAMOLECULAR PERTURBATION 

Either electronegativity or geometry perturbation leads to orbital mixings among 
the orbitals of a single molecule under consideration and hence may be termed 
intramolecular perturbation. For such perturbation, the ej" and e( J) terms of 
equation 3.3 are given by 

ep> = A // -e°S rt cc -s u (3.14) 

Jit - \r ( A// - efS t j) 2 ^ Sy/ (3.15) 


. e ( i 2) = E 
I* i 


el -ej 


a y — 

1*1 el - ef 


The first-order energy, ej'\ is negative (i.e., stabilizing) and positive (i.e., de- 
stabilizing), when the value of <\pf |i//“ ) = 1 + .?/, increases and decreases from one, 
respectively. The second-order energy ej 2> results when the value of i\pf\\ Pf)~Stj 
deviates from zero. The i pf level is stabilized by a level i pf lying higher in energy 
(i.e., el - ej < 0) but destabilized by one lying lower (i.e., el - ef > 0). 

The three terms of equation 3.6 arc expressed as 


= A2) = n 
‘ii l ii u 


A/j- e t Sy 
)l ef - ef 


while those of equation 3.5 are given by 

‘lt= 1 


4°=o 


(3.16) 


(3.17) 


1*1 

Consequently, the perturbed orbital i //,■ can be approximated by 

+#>)*? + r# > */° (3 - 18) 

i*i 

The weight of ipf is reduced from one by every nondegenerate interaction \pf 
makes with various orbitals <pf . In most cases of our qualitative application of per- 
turbation theory, it is sufficient to remember that the weight of the leading term 
'pf is smaller than one. With this understanding, equation 3.18 may be simplified as 


'pl + Z 'jppf 


(3.19) 


Examples of electronegativity and geometry perturbations are discussed in Chapters 
6 and 7, respectively. 
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B. INTERMOLECULAR PERTURBATION 

With intermolecular perturbation, we examine how the orbitals of a molecule (or 
fragment) arc modified by those of another molecule (or fragment). A typical 
example of intermolecular perturbation is shown in 3.4. The orbitals in the two 




♦lA.ef* 


e jB ' *^jB 


stacks may be the orbitals of two fragments A, B which are brought together as in 
3.3. Let us assume for simplicity that, when two fragments are brought together, 
no geometry change occurs within each fragment so that there is no geometry per- 
turbation to consider within each fragment. For those atomic orbitals and 
located on the fragments A and B, respectively, the 5H M „ and 5S„„ values are 
simply the and S u „ values of the composite system AB , respectively. There- 
fore, we obtain the following integrals between the fragment orbitals i (n = i, k ) 
and i pf B : 


^nl X X c ^in^iiv c v/ “ WnA I I'/B^ 
HBA vSB 

^n/~ X X c in^i»v c vi = WnA l^f eff | 

iieA veB 


(3.20) 


The symbol \GX means orbitals X that are located on atom X. Note that S,,, is the 
overlap integral between \j/° A and i pf B , and A nj is the corresponding interaction 
energy. Here the A nj and S n/ values are qualitatively related as follows: 

Kj a -S ni (n = i, k) (3.21) 

To examine how an orbital i l/° A on the fragment A is modified by other orbitals, 
it is important to distinguish those orbitals i p kA on the same fragment from those 
orbitals \pj B on the other fragment B. Thus we rewrite equation 3.4 as 

'Pi=t ii 'P°u + £ */,*& + X t ki r kA (3.22) 

/SB kGA,k*l 

and expand the coefficients t u and t/j as in equations 3.5 and 3.6, respectively. The 
coefficient t ki may also be expanded as 

hi = t° kl + 4/’ + ’ (3.23) 

Then the various terms of the mixing coefficients are given by 
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(1) _ &ij~ c t/i Sjf a -Sg 

ji e°iA ~ e? B e°iA ~ e h 

1 

,o = ,(i) = 0 

l ki l ki u 

( 2) = v (&g~ c °i A Sjj) (Ajk ~ e uSjk) n y SjjSjk 

,ki = fee (eli - e kA ) (c°iA - eJ B ) ,t B (ef A - e° kA ) (e° u - ej 0 ) 

t°„=\ 

4°=o 

i<EB 

In terms of those terms given in the above equations, i//,- is written as 

*/-(! + 4 2) )^ + X ‘/P'PfB + Z ffltkA 

j‘-B kGA 

k*i 


(3.24) 

(3.25) 

(3.26) 

(3.27) 


Thus i mixes into i p° A with the first-order mixing coefficient tjf \ If we arrange 
the orbital phases of <p° A and \pf B such that Sg is positive, equation 3.24 shows that 
tpf B mixes into <pJ A in a bonding way (in-phase) if i pf B lies higher in energy than 
I'm (e° A “ e ?B < 0). but in an antibonding way (out-of-phase) if i pf B lies lower 
( e °/i " e ?B > 0). Equation 3.25 shows that, within the fragment A, \p° kA mixes into 
\p° A with the second-order mixing coefficient tff when i p° iA and \p° kA both interact 
with \pf B of the fragment B. If the orbital phases of i p° iA , \p kA , and j/f B are ar- 
ranged such that both Sg and S jk are positive, the sign of iff is determined by the 
relative ordering of the i//®^ , i p kA , and \p° B levels. 3.5-3. 7 show three situations 



that may be encountered in practice, which differ in the ordering of these levels. 
For the case of 3.5, ip kA mixes into i p° A in second order with a sign given by 
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TABLE 3.1. Signs of Second-Order Mixing 
Coefficients 




Case 


Coefficient 

3.5 

3.6 

3.7 

f (a> 

*ki 

(-) 

(+) 

(+) 

f (2) 

l ik 

(+) 

(+) 

(-) 


and \p° A mixes into i p kA with a sign 


S kjSji 

(eU-eJ A )(eU 


The signs of and tj p for the other cases 3.6 and 3.7 are shown in Table 3.1, 
which indicates that there arc only two cases when the second-order mixing coef- 
ficient becomes negative: (1) when the mixing into lower lying orbital \p° A occurs 
'ia a deeper, lower lying intermediate orbital i pf B and (2) when the mixing into the 
higher lying orbital \p kA occurs via an even higher lying orbital i pf B . These results 
arc valid only when the phases of the orbitals \pf A , i p° kA • and i pf B are so arranged 
that both jjli and \p kA make positive overlap with jif B . 

Equations 3.26 and 3.27 show that the weight of i p° iA is reduced from one by 
every nondegeneratc interaction p° iA makes with various orbitals \pf B . As already 
mentioned, it is sufficient to remember that the weight of \pf A is less than one in 
most cases of our applications. With this understanding, equation 3.27 may be 
simplified as 


+ L Z '*Ma (3.30) 

/£fl k&A 

k*i 


The energy e ( of the perturbed level i //,- that originates from i p^ A is given by 


e i = e lA + e i 


1 + + 


e p = o 


y- (&IJ e °iA Sij 2 
jib e iA - ejs 


(3.32) 


- y h 

^ „o _ o 
/SB e iA e /B 


The first-order energy e, 1 ’ vanishes in the present case since the geometry of the 
fragment A, and that of the fragment B as well, is assumed to be unaffected by 
intermolecular perturbation. Note that the first-order orbital mixing between ipl^ 
and \p° B (i.e., tjp) leads to the second-order energy change ej 2 K The second- 
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order orbital mixing between 1 p° iA and \p kA leads to a third- order energy correction 
which is not shown in equation 3.31. 

As a simple example illustrating the essence of what we have just discussed, let 
us consider 3.8 in which s and p orbitals of A (denoted as 1 p° iA and 1 p kA , respec- 

A 

+ k ° A <%0 

3.8 

*i°A O 



tively) interact with an s orbital (denoted as oi' B along the internuclear axis 
A-B. In this case, A,y = A,y, A /k = Aj k ,Sy = .Sjy, and S /k = S /k . In 3.8 these orbitals 
are arranged such that both S,/ and S fk are positive. According to equation 3.30, 1 p/ 
is written as 

(3-33) 

Since \pf B lies higher in energy than \pj A , tjp is positive. \pf B lies in between ip° A 
and p kA as in 3.6 so that tjp is also positive. At this stage we will introduce a nota- 
tion to indicate the first- and second-order contributions to a new orbital. In most 
cases of our qualitative applications, the coefficients tjp and tjp are small in mag- 
nitude compared to one so that what matters most is their signs. Therefore, we will 
represent the first-order term tjpj/j B as in equation 3.34, 



if tjp>0 

(3.34) 


if tjp <0 

and the second-order term tjp\p kA as in equation 3.35. 



O 

A 

<— 


{< M tkA = " 1 ^kA 1 > 

if t<p<0 

(3.35) 

Consequently, equation 3.33 can be rewritten 

as 



(3.36) 


A graphical representation of this equation is given in 3.9. This shows the chem- 
lca, ly important formation of an sp hybrid-type orbital on the left-hand atom (e.g., 
chlorine) as a result of interaction with a single hydrogen Is orbital. Many examples 
°f intermolecular perturbation are examined in Chapter 5. 
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3.3. DEGENERATE PERTURBATION 


A. INTRAMOLECULAR PERTURBATION 

Consider for the case of intramolecular perturbation that some of the unperturbed 
levels tfi?, \pf, ... are degenerate so that e? = e’j = • • • . Most common situations of 
importance are cither doubly or triply degenerate. Under intramolecular perturba- 
tion, the symmetry of a molecule is lowered and hence the degeneracy is lifted. As 
will be discussed in Chapter 7 (See also Section 3.2A), lifting of the degeneracy is 
caused either by the first-order term e^, which occurs when the degenerate levels 
do not remain normalized to one, or by the second-order term e\ 2 \ which results 
when the degenerate levels do not remain orthogonal to other unperturbed levels 
i J/°(n i,j , . . .) of different energy. 

B. INTERMOLECULAR PERTURBATION 


Let us now consider a case of intermolecular perturbation in which an orbital i l/° A 
of the fragment A is degenerate with an orbitalj//° B of the fragment B. We arrange 
the orbital phases of \j/° A and \pf B such that Sy > 0 and thus Ay < 0. Then the 
orbitals defined in equations 3.37, which are simply linear combinations of the two 


r iA + 

V2 + 2 Sy 


' 2 - 25/, 


(3.37) 


zeroth order orbitals ^ a iA and 1 p° B , lead to the first-order energy corrections given 
by equations 3.38 

e < j' ) = (Ay-e°i A S ll )«-S l i 


1 > = “ (Ay ~ e li Sy) « Sy 


(3.38) 


The second-order energy corrections resulting from these orbitals are given by 

= *<*>=- Sy(Ay - e° u Sy) <* 5* (3.39) 


equation 3.39. This is analogous to our discussion in Section 2.1 A concerning a 
two-center-two-orbilal problem (See equations 2.8 and 2.9). Those two orbitals 
defined in equation 3.37 may further engage in nondegenerate interactions with 
other orbitals of the fragments A and B, thereby leading to second-order energy 
corrections. In a general case of intermolecular perturbation, both degenerate and 
nondegenerate interactions may occur between the fragments A and B. Then it is 
convenient to derive the orbitals of the composite system AB in two steps: (1) First, 
we carry out only degenerate interactions, the resulting orbitals of which are non- 
degenerate. (2) Second, we include these orbitals among other nondegenerate 
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orbitals, and carry out nondegenerate interactions using the combined set of 
orbitals. 

In intermolecular perturbation, the first-order term is zero for nondegen- 
erate interactions but nonzero for degenerate interactions. As a consequence, 
degenerate and nondegenerate orbital interactions are often called first- and second- 
order orbital interactions, respectively. Here it is important to stress the use of 
some terminology to avoid confusion later on in this book. The nondegenerate 
interaction between \p° A and involves a first-order change in the orbital but a 
second-order change in the energy. It will always be important when using the ex- 
pressions “first order” and “second order” to state whether we are referring to 
energy changes or orbital mixing. 

Finally, we briefly comment on those cases in which neither the degenerate nor 
the nondegenerate perturbation treatment is quite satisfactory. To simplify our 
discussion, let us consider only the lower lying orbital \p, and its energy e t that 
result from two interacting orbitals and i pJ B . For a nondegencrate interaction 
with e° lA < e? fi , the expressions for e t and i//, are given by 

.rA /Yy (3.40) 


+1 - I'm 


A//~ e 0 u s i/ 


(3.41) 


These expressions are close to the exact ones if equation 3.42 is satisfied, that is, 

(A„-e° iA Syy« \e° A -e° B \ (3.42) 

when the extent of perturbation is small in magnitude compared with the energy 
difference between the unperturbed levels. For a degenerate interaction with 
e °A = e jB> 'l 16 expressions of e ( and i pj are given by 

«/ = e °u + (An - e u Sij) - 5,/(A // - e°4 Sy) (3.43) 

+ V'/fl 

!>,= , 1 B (3.44) 

v 2 + 2 Sy 

Prom the viewpoint of numerical accuracy, a problematic situation arises when the 
two levels e° iA and e° B are different but close in energy so that equation 3.42 is not 
Quite satisfied. In such a case, direct solution of the appropriate 2X2 secular de- 
terminant (as described in Chapters 1 and 2) reveals the following trend: As the 
upper level e? B is lowered and becomes closer to the lower level e° iA , the weight of 
^ia * n I'i decreases gradually but that of \p° B in \p t increases gradually. Eventually, 
when e° A = e ° B , the weights of \p° A and i J/j B become equal as given by equation 
3-44. What is important in our qualitative applications of perturbation theory is to 
recognize which orbital has a greater weight. Thus equation 3.41 may be used even 
f or the aforementioned, problematic case since it shows that has a greater 
Weight than does i pf B . Of course, when the two levels are very close (still e° iA < eJ B ), 
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equation 3.44 may be a more accurate description for i than equation 3.41 . Never- 
theless, the weight of \pf A would be greater, though slightly, than that of \pf B . 


3.4. THE LINEAR H 3 MOLECULE 

An example will show the application of some of the ideas introduced above. Let us 
start with the simple two-center-two-orbital problem described exhaustively in 
Chapter 2. In the language of perturbation theory these two orbitals experience a 
degenerate interaction for the case of H 2 where the energies of each atomic orbital 
are the same. The result is an in-phase (bonding) combination and an out-of-phase 
(antibonding) combination, between the centers A and B. A more complicated 
example arises when there are two orbitals on A and one on B as when the oibitals 
of linear H 3 are constructed from those of Il 2 + H (3.10). This is shown in figure 
3.1, where the relative phases of the orbitals have been chosen so that S if and S /k 
are positive. 

H| H 2 + Hj r H| H z H,j 3.10 

The orbital <pf will be stabilized by interaction with \pf since the energy de- 
nominator of the second-order energy correction (equation 3.32) is negative 
(ef - ef <0) and, with a positive the interaction integral A,/ is negative (equa- 
tions 3.20 and 3.21). From equations 3.30, 3.34, and 3.35, the resulting orbital \p, 
is given as 

'Pr'P'! (3 45) 

= *?+(*;)+[ K) 

The coefficient tjp is easily seen to be positive and from Table 3.1, 4/’ is a,s0 
positive. (The situation in Figure 3.1 corresponds to the case 3.6). Diagrammati- 
eally the new orbital i j> t is then constructed as in 3.1 1 . It is important to recall that 
these mixing coefficients are smaller than one, as discussed already. The conse- 
quence of the second-order term is to diminish the atomic orbital coefficient on 
the left H atom and reinforce the coefficient on the middle one. If the two close 


H,— h 2 


H— H 2 — H 3 


j/,° e? 
r k * k 





O •; ■ *: 


FIGURE 3.1 . Derivation of the molecular orbital diagram for linear H 3 from that of H 2 plus II. 
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==0 00-0 3.U 

H-H distances are equal then, by symmetry the atomic orbital (AO) coefficients 
of the left and right H atom orbitals in the resultant i //,- must be equal. 

The new level represents the sum of two interactions as shown in equation 
3.46. The interaction with \pf is destabilizing (ef - ef >0), and that with \p k is 
stabilizing (ef e° k <0). The new orbital ipj is given by equation 3.47, a diagram- 


ej = ef 


(A jk - efS jk f (Ajj - efS/j) 1 


ef - ef 


ef - ef 


+ t k j ) 'Pk + t < j/ i) \pf 

= 'I'? + (Vk)~ Wf) 


(3.46) 


matical representation of which is shown in 3.12. Notice that the first-order mixing 
coefficients serve to reinforce the atomic orbital coefficients on the left-hand H 



atom of H 3 and cancellation occurs at the central atom. If the two H-II distances 
are equal then the second and third terms in 3.12 are equal in magnitude but op- 
posite in sign. A precise cancellation occurs and a node develops at the central II 
atom. The astute reader will have noticed that the two energy denominators in 
equation 3.46, although opposite in sign, are not equal in magnitude, since we 
showed in Chapter 2 that the bonding combination of H 2 was stabilized less than 
the antibonding combination was destabilized. In particular, the denominator in the 
second term is larger than that for the third. However, recall the magnitudes of the 
coefficients in tpf arc larger than those in \pf . This leads to a larger (A/ k - efSj k ) 
term than (A ;/ - efS/f) in magnitude. Thus the last two terms in equation 3.46 
become equal in magnitude and do in fact exactly cancel. 

Finally, the pf level is destabilized by \pf , and the resultant molecular orbital 
'Pit is given by equation 3.48. The tjp term is positive from Table 3.1 , and tjjp is 

** = K + t) l k Hf + 4 2 V? 

= -(*?)+[*?] (3-48) 

negative since (ef - e£)<0. A diagrammatical representation of equation 3.48 is 
shown in 3.13. So in principle the orbitals of a complex molecule (albeit H 3 ) may 
be simply derived by using the ideas of perturbation theory. In particular we have 
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*k a 


^■o — ■ ■ (■ — * o) + 



C> #0# 3-13 


CHAPTER FOUR 


covered all of the elements of orbital interaction that we shall need for the whole 
book. We will construct the orbitals of much more complex molecules along simi- 
lar lines by studying the first- and second-order interactions which occur as the re- 
sult of a perturbation of a less complex system. 
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4.1. INTRODUCTION 

Symmetry plays an important role in chemistry. There are many everyday facts we 
take for granted which have a strong underlying symmetry aspect to them. One ns, 
three np, five nd, and so on, atomic orbitals come from the underlying symmetry of 
the atom; the paramagnetism of the oxygen molecule is a result of the presence of a 
doubly degenerate 7r orbital mandated by its linear structure. Jahn-Teller instabilities 
in molecules occur as a result of the presence of degenerate electronic states which 
are a consequence of a highly symmetric geometry. In this chapter we will not de- 
scribe in detail the mathematics behind what chemists call group theory, but will 
extract, as in our use of perturbation theory in Chapter 3, the elements we shall 
need in our task. To the reader who wishes to know more there are several excellent 
books available. 1-5 

4.2. GROUPS 

What is symmetry? Essentially in tliis book we shall be interested in two uses of this 
word. First we shall be interested in the “symmetry” of a molecule. When looking 
a t objects we invariably have some feel as to whether they are highly symmetric or 
alternatively, not very symmetric. This needs to be quantified in some way. Second 
we will need to be able to classify, in terms of some symmetry description, the en- 
er gy levels of molecules. Once this has been done we will find that with the use of a 
c ouple of mathematical tools we will be in a good position to be able to understand 
the symmetry control of the orbital structure in molecules. 
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f v Uz) 

FIGU RE 4.1 . Symmetry operations for the water molecule of point group C^. 


Geometrical objects (including molecules, if they are regarded as being made up 
of balls and spokes) have an associated set of symmetry elements or operations {R}, 
rotation axes, mirror planes, and combinations of the two, such that the molecule 
is geometrically indistinguishable as a result of operating with any of the R. figure 
4.1 shows the symmetry operations associated with the water molecule. 4.1 shows 
the result of operating on the molecule with the C 2 , or twofold rotation axis. Al- 
though the hydrogen atoms have been labeled for convenience, clearly the two 
geometrical arrangements, before and after, are indistinguishable. In 4.2, reflection 
in a plane perpendicular to the plane of the molecule exchanges H 1j2 but in 4.3, re- 
flection in the plane of the molecule does not. All molecules possess the identity 


H /°x H 

H, 




X — ^ 

H| H z H 2 H, 

°'v (yz) Q 

X h 2 X h 2 


4.2 

4.3 


operation, ZT; this is simply the null operation where we do nothing. The complete 
set of covering operations for the molecule together form a group. Any molecule 
can be assigned a point group, namely the collection of all the applicable symmetry 
operations which describe the geometrical relationships of its constituent atoms. 
The point group symbol appropriate for the collection of symmetry elements in 


Figure 4.1 isC 2u . 

Having decided that the set of covering operations is a good way to describe the 
“symmetry” of the molecule, what about the “symmetry” of the wavefunctions 
describing the molecular orbital levels? Group theory tells us that, given a set of 
such operations for a particular molecule, only a certain type of function will be 
allowed. This results in powerful restrictions on the form of the wavefunctions in 
terms of the signs and relative magnitude of the atomic coefficients, which in their 
turn, fix the orbital energy. The form of these functions are determined in general 
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TABLE 4.1 


f 2u 

E 

c 2 

o v (xz) 

a v (yz) 


^ 1 

1 

1 

1 

1 

z («) 

a 2 

1 

1 

-1 

-1 


B i 

1 

-1 

1 

-1 

X 

b 2 

1 

-1 

-1 

1 

y 


^In the Iasi column of the character table it is customary to 
list some useful functions which have the transformation prop- 
erties shown. From Table 1.1 it can be seen that the angular 
part of a p z orbital, for example, is simply equal to z/r. As a 
result, from the character table, a p z orbital located at a point 
which contains all of the symmetry elements of the group 
will transform as ( symmetry. 


by the character table. For the C 2v point group this is shown in Table 4.1. Each 
row consists of a set of characters D H (i) which correspond to the fth irreducible 
representation of the point group. These characters determine the transformation 
properties of a given wavefunction as a result of operating with each symmetry 
operation R. In other words 

Ri// = Z) R (i) 0 (4.1) 

As an example take the wavefunction shown in 4.4 which we will write as 

^“Xi+Xj (4-2) 



Using the symmetry operations defined in Figure 4.1 it is easy to see that 

£-xi=xi; £ - x 2 = xj 

c 2 -xi=X2; c 2 -x2 = xi 

o v (yz)-xi = x i ; o v (yz) ■ xi = xa 
o u (xz) -Xi =Xi’, o v {xz) -X 2 =Xi (4-3) 

and so 


= o v (yz)- «//, = 

C a •*! = *,; a v (xz ) • <pi = i^i (4.4) 

For the function 4.2, therefore, its transformation or symmetry properties in the 
^ 2 v point group are described by the characters in the top row of Table 4.1 . For 
Qi, point group there are only four different types of allowed wavefunctions or 
‘■reducible representations. They are given the Mulliken labels a, , a 2 , b t , and b 2 . 
The wavefunction of equation 4.2 therefore belongs to the a, irreducible representa- 
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tion of the C 2v point group. Since the wavefunction is symmetric with respect to all 
the symmetry operations of the group [i.e.. D H (a t ) = 1 for all Rj , this representa- 
tion is called the totally symmetric representation. We also say that ip, transforms 
as the a, irreducible representation, or is of a x symmetry, or belongs to the a, sym- 
metry species. 

For the wavefunction shown in 4.5, use of the relationships 4.3 with equation 4.5 

'Pi a Xi~Xi ( 4 - 5 ) 

leads to 

E->p 2 = ^ 2 ; o„(>z)- \p 2 = \p 2 

C 2 ■ \l/ 2 =-\p 2 '> 0 „(xz) ■ \p 2 =-\p 2 (4- 6 ) 

Comparison of the signs in equation 4.6 with Table 4.1 shows immediately that tp 2 
is of b 2 symmetry. A p x orbital on the oxygen atom (4.6) may similarly be shown 

i 4.5 



to transfonn as b, , and oxygen located p z and p y orbitals as a, and b 2 , respectively. 
The labels a, b can be seen to describe functions which are respectively symmetric 
and antisymmetric with respect to the twofold rotation axis. The character table 
dramatically restricts tire types of wavefunctions that are allowed. The wavefunc- 
tion in equation 4.7, for example, is not permissible, since C 2 • \p 3 =A(±1) ^3 as 
demanded by the table. 

■/'3 <X Xl+2X2 ( 4 - 7 ) 

The symmetry labels give us a useful way of classifying the molecular orbitals of 
molecules which we use extensively throughout the book. 

4.3. SYMMETRY-ADAPTED WAVEFUNCTIONS 

In this section we will see how to build wavefunctions with given symmetry prop- 
erties for collections of orbitals. Again we will not derive the group theoretical 
results needed but will present qualitative arguments as to their validity. First we 
need to introduce the concept of symmetry equivalent atoms or orbitals. Clearly 
the two hydrogen Is orbitals of water are equivalent, specifically because any sym- 
metry operation of the C 2v point group will either send Xi to itself or to X 2 ant * 
likewise send X 2 to itself or to Xi . Thus {x 1 - X 2 } form a completely equivalent set. 
The SF 4 molecule of 4.7 also belongs to the C 2v point group. Here, however, no 
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L --0 x ' 


symmetry operation sends Xi orx 2 tox 3 orx 4 or vice versa. The orbitals Xi and 
X 2 are permuted amongst themselves, as are the orbitals X 3 and x-t, by the sym- 
metry operations of the group. So {xi , X 2 ) an d {x 3 ,X 4 )form two different sets of 
symmetry equivalent orbitals. 

We now generate the orbitals of a, and b 2 symmetry for the hydrogen Is orbitals 
of water with equations 4.2 and 4.5. Starting with the full complement of symmetry 
equivalent orbitals (xi and,X 2 in this case), we force the resulting wavefunction to 
have particular symmetry properties by constructing it with the help of the charac- 
ter table and write 


■M0<*Z£r(0Rx, 


It does not matter whether we start off with x 1 or x 2 in this equation. Since they 
are symmetry equivalent, the same result will be found. For the Civ point group 
the results of the operations Rxi a re given in 4.3 and the characters D n {i) in Table 
2.1 . For i = a 1 , then, we may readily generate 

W«l)“Xl +X2 +X2 +Xl 

«Xi+X2 (4-9) 

This may be normalized to give the wavefunction of equation 4.2. For i = b 2 then, 

Ub 2 ) a Xi ~ Xi " X 2 +Xi 

a Xi-X2 (410) 


which with the addition of a normalization constant gives equation 4.5. This tech- 
nique using equation 4.8 is a very general and powerful way to construct functions 
of this type. The operator in this equation is called a projection operator. 

One question still to be answered is how we knew to construct functions of a\ 
and b 2 symmetry. Certainly if we try to construct a function of a 2 symmetry, the 
result is meaningless (equation 4.1 1) 

. Ha 2 )<xxi +X 2 - X 2 - Xi =0 (4.11) 

^e need in general to find then how the complete set of symmetry equivalent or- 
bitals (x,-} transforms under the symmetry operations of the group. To do this we 
need the characters D R . These may be generated by operating on each of the orbitals 
°f the set {x/} with R. If Rx,- = djXi, then d t may equal +1 (if R sends X/ to itself), 
'1 (if R sends Xi to minus itself), and 0 (if R sends Xi to some other member of the 
se t). D r is then given by 

i 


(4.12) 
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For the orbitals Xi and x 2 the characters are simply a set of numbers which is simply 



E 

c 2 

a v (xz) 

Ov(yz) 


Or 

2 

0 

0 

2 

(4.13) 


the sum of the characters for the a, and b 2 representations. D R is called a reducible 
representation since it may be broken down into the sum of a collection of irreduc- 
ible ones. 



E 

C 2 

Ov(xz) 

» v (yz) 

Or(«1 ) 

1 

1 

1 

1 

Or (b 2 ) 

1 

-1 

-1 

1 

Sum 

2 

0 

0 

2 


(4.14) 


Very often we can decompose a sum of numbers such as those in 4.13 by inspec- 
tion by using the character table. If not, then there is an equation that comes from 
a result called the great orthogonality theorem which does this for us (equation 
4.15). 


_ 0r0r(O 

* R 


(4.15) 


Here g is the order of the group, namely the total number of symmetry elements 
(g=4 for C 2v ). iij is the number of times the z'th irreducible representation occurs 
in the reducible one. Applying equation 4.15 to the reducible representation 4.13, 


« a , = H 2X1+0X1+0X1+2X1 1 =1 

r'a 2 = 5 [ 2X 1 + ox 1 + 0 X (-1) + 2 X (-l)J =0 
n bl [2X 1 + 0X(-1) + 0X 1 + 2 X (-1)1 =0 


(4.16) 


n b2 = i [2 X 1 + 0 X (-1) + 0 X (- 1) + 2 X 1 ) = 1 

And so the set of hydrogen Is orbitals in water transform as a, + b 2 . All of the 
molecular orbitals of this molecule which contain hydrogen Is character will then 
be either of a , or b 2 symmetry. If of a, symmetry, then Xi and Xi will have the 
same sign and magnitude; if of b 2 symmetry, then x i and \i will have equal weight 
but their orbital coefficients will be of opposite sign. 


Another example is shown in 4.8. Suppose that instead of OH 2 ,the molecule of 
interest was OF 2 with the same geometry and we wished to know how the two p x 
orbitals on the fluorine atoms transformed. Then using equation 4.12, the set of 
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characters for the two orbitals is 



E 

c 2 

o v (xz) 

°v(yz) 


Or 

2 

0 

0 

-2 

(4.17) 


The entry under a u (yz) is of different sign to the corresponding one in 4.13 since 
this symmetry operation sends each F p x orbital to -p x . Reduction of 4.17 either 
by inspection or using equation 4.15 gives us the result that these two p x orbitals 
transform as a 2 + . 

4.4. DEGENERACIES 

The case of the water molecule involved a low symmetry point group where all of 
the possible representations are nondegenerate. In general, this appears in the char- 
acter table (Table 4.1) with a +1 entry under the identity operation E. Higher sym- 
metry point groups contain degenerate representations. Any point group that con- 
tains a threefold (or higher) rotation axis will contain at least one degenerate 
representation. The entry under E reveals the order of the degeneracy. Tables 4.2 
through 4.6 show doubly and triply degenerate representations, labeled with the 
Mulliken symbols e and t, respectively. A shorthand notation has been introduced 
into the character table of Tables 4.2-4.6. Here the symmetry elements have been 
arranged into classes. These are groupings of operations which have the same char- 


TABLE 4.2 


C 3v 

E 

2C 3 

3<r„ 


A | 

1 

1 

1 

z 

a 2 

1 

1 

-1 


E 

2 

-1 

0 

(x,y) 


TABLE 4.3 a 

o 3 „ 

E 

2C 3 

3C 2 

Oh 

2S 3 

2o„ 


K 

1 

1 

1 

1 

1 

1 


a 2 

1 

1 

-1 

1 

1 

-1 


E' 

. tl 

2 

-1 

0 

2 

-1 

0 

(X,y) 


1 

1 

1 

-1 

-1 

-1 


-4 2 

1 

1 

-1 

-1 

-1 

1 

Z 

E" 

2 

-1 

0 

-2 

1 

0 



Note the presence of primes (') and double primes (") on the Mulliken symbols. They de- 
scribe representations which ar , respectively, symmetric and antisymmetric with respect to 
reflection in the mirror plane (a b ) perpendicular to the threefold rotation axis. 
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acter in each irreducible representation. Thus the C 3 and C 3 2 operations always 
have the same character in the C 3 „ point group and so the abbreviation 2 C 3 is used 
here. Similarly the three vertical mirror planes in NH 3 together make up one entry 
(3°u) in Table 4.2. Everything we have said so far holds for degenerate representa- 
tions, except we need to be a little careful in using equation 4.8 for generating the 
wavefunctions. An example will show the problem encountered and the way it is 
overcome. 



4.9 


4.9 shows the three Is orbitals on the hydrogen atoms in ammonia, which be- 
longs to the C 3v point group. Using Table 4.2 and the approach described in the 
previous section it is easy to show that these three orbitals Xi ~ Xs transform as 
a i + e > tl iat is. one nondegenerate plus one doubly degenerate representation. Gen- 
eration of the a, wavefunction is easy. Using equation 4.8 

'K«i) cc Xi +X2 +X3 +Xi +X 2 +X3 


a Xi+X2+X3 (4.18) 

The same answer is obtained from equation 4.8, irrespective of which of Xi - X 3 
is used to start with. For the doubly degenerate wavefunction however, using equa- 
tion 4.8 with x i gives 


'l'a(e)<*2x 1 -X 2 -X 3 (4.19) 

Now if instead of using Xi in equation 4.8, we use x 2 , the result is 

^'(e)°=2x2 " X3 - Xi (4.20) 

And finally, if x 3 is used, we find 

lf'"(«)«2x 3 -Xi -X 2 (4.21) 

The result is three different wavefunctions which apparently describe a doubly de- 
generate situation. The solution is to use a technique known as the Schmidt process. 
First we accept equation 4.19 as one component of the doubly degenerate pair. 

The atomic orbitals Xi . X 2 . and X 3 are normalized, and in 4.9 the overlap be- 
tween any two of them are the same. Thus, 

<Xi | X 1 > = <X 2 | X 2 > = <X3 | X 3 > = 1 

<Xi |X2>=<X 2 |X3> = <x 3 |xi > = ^ (4.22) 

Consequently, we obtain 

<2Xi -X2-X 3 |2 x. -X2-X3>=6(1 -S) 
so that 1 Pa(e) is normalized as 


(4.23) 
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* M ’v%hw (2x, ~ Xi ~ x,:> <4 - 24) 

Similarly, \p'(e) and i//"(e) are normalized as follows: 

,f '" (e)= Vspl' (2x » _x ‘^ l) (4 ' 25) 

The orbital i //'(e) is not orthogonal to i// a (e), since 

'(e) 1 1 J>«(e)> = 6(1 1 _ ^ <2xi -X 2 - X 3 |2x 2 - Xs * Xi> = -y (4.26) 

However, the orbital i p b (e) defined in the special way of equation 4.27 is orthogonal 
to 

'/'/.(e) « ^'(e) - <t//'(e)| ^(e)) ^a(e) 



a X2 - 

• X 3 




(4.27) 

Since 








<X 2 - X 3 

| X 2 - 

X3> 

= 2(1 

-S) 

(4.28) 

ip h (e) is normalized as 








'Pb( e ) = “ 
\ 

1 

/2(1 

-s) 

(X2 - 

Xs) 

(4.29) 


We note that use of the orbital ip"(e) in place of ip'(e) in equation 4.27 does not 
produce a new orbital that is orthogonal to both \p a (e ) and \p b (e), since 

'P "(e) - <>^"(<?)| i// a (<?)> \p a (e) - <ii/"(e)| i// 6 (e)> i// ft (e) = 0 (4.30) 

Therefore, i// a (e) and \p b (e) are a set of two orthonormal orbitals belonging to the 
e representation. In fact, there is considerable choice as to the form of the degen- 
erate wavefunctions. Any linear combination of i p„(e) and \p b (e) are also valid wave- 
functions. 4.10 shows the form of the functions of equations 4.19 and 4.27. Orbitals 
that look like these will occur again and again throughout the book. 



4.5. DIRECT PRODUCTS 

Very often we need to be able to write down the symmetry species of a function 
which is a simple product of two functions whose symmetry we know. For example, 
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b, H- % 

4.11 C 2v 

b 2 ~ % 

we may wish to know the symmetry species of the electronic state which arises 
from the orbital occupancy shown in 4.11. The symmetry labels that describe the 
wavefunctions \p t and <p 2 are written alongside the molecular orbital levels, using 
lowercase letters. The simplest function that might be expected to describe the 
behavior of this electronic state is just \p t • ij/ 2 . (We shall see in Chapter Show to 
tackle this problem properly.) The symmetry species of such a product function is 
obtained by multiplying the respective characters D H (b , ) X D n (b 2 ) as in 4.31 . The 
result is clearly the set of characters corresponding to the a 2 irreducible representa- 



E 

c 2 

a u (xz) 

°v(yz) 


2>r(M 

1 

-1 

1 

-l 


D^(h 2 ) 

1 

-1 

-1 

l 


Df\{b x ) X D H (b 2 ) 

1 

1 

-1 

-l 

(4.31) 


tion, that is, bi X b 2 = a 2 . The electronic state corresponding to 4.1 1 is thus an A 2 
state, where uppercase letters are used to distinguish state symmetry from orbital 
symmetry. Depending upon whether the electron spins are oriented parallel or anti- 
parallel, respectively, a triplet ( 3 A 2 ) or a singlet (' A 2 ) state results. Using the same 
approach it may readily be shown that the orbital occupation situations of 4.12 


4.12 c 2v 

b 2-H- b 2 

give rise to ‘/l, electronic states, that is, b 2 Xb 2 =a x and b x X />, =a,. This re- 
sult is found in all point groups. Any product of the two functions \p a \ p b which 
have the same symmetry species will always belong to the toally symmetric repre- 
sentation of the point group. This observation leads to the simplifying result that 
all closed shells of electrons give rise to electronic states which are totally symmetric. 
In determining the symmetry species corresponding to a given orbital occupation, 
all we need to do, as a result, is look at those electrons outside of completely filled 
orbitals (i.e., closed shells). Thus 4.11 may just represent the valence orbitals of a 
system. The symmetry species of the electronic state is not influenced by the core 
of completely filled levels. 

Two examples involving degenerate levels are shown in 4.13 and 4.14. For 4.13 
from Table 4.2 it is readily seen that a 2 X e = e, which leads to 1 E and 3 E electronic 
states, depending upon the orientation of the electron spins. In 4.14, the product of 
the characters leads to a reducible representation 
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E 

2C 3 

3 CT„ 

Or 00 

2 

-1 

0 

DrOO x D B {e) 

4 

1 

0 


(4.32) 


and « need to u S « equation 415 to 

sentations. In tint way. 0, by that result ate U„ 

f"' rrJiuT’Z ,**• Not” tot in each of these products the total number 

of i'ngfe'ts or tot'ai number of triplets »»£ f ( fx f one 

dhnensions of the «"*“* <*>• 

dimensional product (a 2 ), eXa 2 gave a tz ’ , 

and e X e gave a (2 X 2 = 4) four-dimensional product («, + «* + e >- 

6 +P ^ ^ ^ 

Probes mvoMni 

D B (iXj) = D R (i)XD B U) ( 433) 

defined by 

o^xo^MXDrW + V 1 )! (434 ' 

and the antisymmetric direct product, which we use to generate the triplet levels of 
4.15, is defined by 

£>p(i X 0 = * [Dr(0 X Or(0 - D h a (01 (4 ' 35) 

First, we need to identify the operations corresponding to R 2 in equations 4.34 
and 4.35. For the C 3v point S rou P’ 

EX E=E\ ClXCl = C 3 
C 3 X C 3 = C \ ; a u Xa v = E (4 - 36 > 
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and we may readily evaluate the relevant characters as 




E 

2C 3 

3 On 

OrOO 

2 

-1 

0 

Or 00 X 0 R (e) 

4 

1 

0 

O r2 (c) 

2 

-1 

2 

Or(c X e) 

3 

0 

1 

D B (e X e) 

'l 

1 

-1 


The set of characters for D* B (e X e) are seen to give rise to an a, + e representation 
with the aid of Table 4.2. The set for D B ( e X e) corresponds to a 2 . So in the C 3u 
point group, a configuration with two electrons in an e symmetry orbital gives rise 
to electronic states with symmetry ‘A , , ‘E, and 3 A 2 . 



4.6. SYMMETRY PROPERTIES AND INTEGRALS 


The use of symmetry is extremely powerful in being able to simplify many orbital 
problems by quickly identifying those interactions which are exactly zero. In partic- 
ular a rule, which we shall investigate in this section, requires that all integrals of 
the overlap {\p a \ \p b ) or interaction <i p a ] // eff | \p b ) type are zero unless i p a and i p h 
transform as the same irreducible representation of the molecular point group. To 
see why this is so consider the integrals shown in 4.18 and 4 . 19 . Clearly the integral 
in equation 4.38 is nonzero 



(4.38) 


for the symmetric function y = x 2 , but is identically zero for the antisymmetric 
function y = x 3 . In other words, the presence of an operation which sends y to -y 
(in the case of 4.19 this is simply replacing* by -*) immediately causes the integral 
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the same symmetry may interact with each other. 

4.7. THE NONCROSSING RULE 6 ' 8 

Assume that a system with a set of energy levels e, Is Bansfotmed along 

a reaction coordinate, to a product. This coordinate may be a renetonmthetad 

4 20 By making use of the point symmetry along the reaction coord , 
levels may hi £. symmet^ labels. The none, casing n,h i forbids ££ 

crossing point the levels will interact by a nondegenerate process, in both cases 
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dashed lines will appear to “repel” each other and the solid curves will result. Al- 
though we distinguish between degenerate and nondegenerate cases here for con- 
venience, in fact of course the strength of the interaction between i p a and \j/ b varies 
continuously as they approach each other in energy. This is called an avoided cross- 
ing. Just how much the two levels repel each other depends upon the actual magni- 
tude of <i l/ a | // eff 1 1 }/ b ) and, hence, (\p a \p b ). A strongly avoided crossing is a case 
where the integrals are sizable. There is then little curvature for the two levels along 
q. A weakly avoided crossing occurs when the two MOs have the same symmetry 
but their mutual overlap along q for some reason is small. The two levels will then 
nearly touch each other before turning around. 

It is important to remember that orbitals of different symmetry can and will 
cross each other along a reaction coordinate. The most important case where this 
occurs is when the highest occupied molecular orbital (HOMO) crosses the lowest 
unoccupied molecular orbital (LUMO). Such HOMO-LUMO crossings are said to be 
symmetry forbidden and engender a high activation barrier. We shall see many ex- 
amples of this behavior in later chapters and the way molecules conspire to get 
around the high barrier. 

Since electronic states also possess symmetry, one can examine the energetic 
variation of several states along a reaction coordinate. The same noncrossing rule 
applies. This vantage point is sometimes more appropriate for cases when there is a 
manifold of states at close energies. This is frequently encountered in photochem- 
ically excited reactions and rearrangements. 

4.8. PRINCIPLES OF ORBITAL CONSTRUCTION USING 
SYMMETRY PRINCIPLES 1 ’ 9 

The requirement, set out in the previous section, that two orbitals will not interact 
unless they are of the same symmetry species is an extremely useful one when the 
energy levels of molecules are constructed. We will start off by looking at a simple 
system, that of linear H 3 . 

Section 3.4 showed one way of generating the orbitals which used first- and 
second-order perturbation ideas. There is, as in many problems, another way that 
this can be done which also helps in our understanding of the level structure. In 
4.22 is shown the assembly of H 3 from the pair of orbitals x i, 3 and the single cen- 
tral orbital X 2 - Generation of the orbitals of molecules by combining the atomic 

H I * h 3 + Hj— HfHg-Hj 4 22 

X, X 3 x 2 

orbitals of the central atom plus surrounding “ligands” is a very useful way of tack- 
ling this problem, and one we will use extensively in this book. First we need the 
symmetry properties of the pair of symmetry equivalent H Is orbitals Xi and X 3 - 
The point group of linear H 3 is D„ h and by using the techniques discussed above 
(and the characters of Table 4.4) it is very easy to show that these orbitals simply 
transform as a„ + of. (Note the special Mulliken symbols for linear molecules). Use 
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FIGURE 4.2. Derivation of the molecular orbital diagram for linear H 3 from a central 11 atom 
orbital plus those of two “ligands.” 

Of equation 4.8 allows generation of the proper symmetry adapted functions 
shown in 4.23. The central atom orbital x* is seen to be of a, symmetry When he 
interactions between X * and (x„ Xa) are switched on then x, w»> only overlap 
and interact with the a* K combination shown in 4.23. The o„ function will be 

<*>,<£ X,+ X, * 0—0 V 

1 4.23 

0 2 « X, - X 3 - 0 —% + 

H r H r H 3 

OCM 4.24 

nonbonding since it is of the wrong ymmetry to interact with x 2 - Their overlap 
integral is zero (4.24). Since X . and X a are not nearest neighbors, their overlap 
integral is small and so the two combinations 0, , 0 2 will be close in energy igu 
4 2 shows the orbital interaction diagram. The phases of the various orbitals have 
been drawn so that the overlap between 0, and x 2 is positive. Note that 0 3 is de- 
stabilized more than 0, is stablized. a result exactly analogous to the situation in 
Chapter 2, where we treated the simple two-center-two-orbital problem. The details 
of the generation of the molecular orbitals are shown in 4.25. 

ifi t (lo-J) a 0, + x 2 = O — — O + —O' 

oOo 

+2 (o-u ) = *2 = O— ^ 

( 2 o-+) a 0, - x 2 = 0—0 ' 

o#o 
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FIGURE 4.3. Assembly of the molecular orbital diagram for water (C 2u point group) using 
symmetry-adapted orbitals on the ligands and the central atomp orbitals. 

As another example let us take the H 2 0 molecule. It may be visualized as being 
assembled from a central oxygen atom plus two symmetry equivalent hydrogen 
atoms. The hydrogen Is orbitals we have already seen transform as a, + b 2 . (The 
form of the wavefunctions are given in 4.4 and 4.5.) The oxygen p x ,p y ,p z orbitals 
(4.6) we have seen transform as fc, , b 2 , and a , . Thus the hydrogen a , combination 
may only interact with the oxygen p z orbital and the hydrogen b 2 combination 
may only interact with the oxygen p y orbital. In each case a bonding and antibond- 
ing pair of orbitals result (Figure 4.3). The oxygen 6, orbital finds no ligand counter- 
part with the same symmetry and remains nonbonding. How the oxygen s orbital 
enters into this picture we will leave until Chapter 7. 

This technique is a very general one for the construction of a diagram for a cen- 
tral atom plus ligands. Instead of working out the symmetry species of the central 
atom orbitals we may often use information listed in the character tables. At the 
right-hand side of the Tables 4. 1-4.6 are shown the transformation properties of 
useful functions. For Table 4.1 we can see that z transforms as a x , x as b \ , and 
so on, in this point group. From Table 1.1, which gives the angular dependence of 
atomic wavefunctions, clearly p z and p x will too transform as a, and b { , respectively. 
The central atom s orbital always transformsas the totally symmetric representation. 
Figure 4.4 shows the assembly of the molecular orbital diagram of a planar AH 3 
molecule, with point group D 3h . (Its character table is given in Table 4.3.) The 11 
Is orbitals transform as a[ +e', using the techniques of equations 4.12 and 4.15. 
Using equation 4.8, the symmetry adapted linear combinations of these basis or- 
bitals are shown at the right-hand side of the figure. Note that the form of the de- 
generate pair of orbitals is just as we derived in 4.10. Also since the hydrogen orbitals 
themselves are symmetric with respect to reflection in the molecular plane, their 
representations carry a single prime. It is interesting to see at this stage that each 
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FIGURE 4 4. Assembly of the moleculai orbital diagram for the planar AH 3 molecule (D 3h 
point group) using symmetry-adapted orbitals on the ligands and the central s and p orbitals. 

of the e' orbitals is nicely set up to interact with a p x and p y orbital on the central 
atom. Indeed p x .p y on the A atom transform as e. p z and s transform as a 2 andflr, 
respectively. The a[ Ugand combination has just the right symmetry to interact with 
the central atom s orbital. The level structure for planar AH 3 is simply produced by 
constructing in-phase (bonding) and out-of-phase (antibonding) molecular orbitals 
from orbitals at the left and right sides with the same symmetry. Of all the orbitals 
the p z orbital on the central atom finds no suitable ligand combination and so re- 
mains nonbonding. 

Figure 4.5 shows a diagram for tetrahedral AH 4 which belongs to the T d point 
group. Here we find that the four hydrogen Is orbitals transform as a, + h , that ls - 
a nondegenerate and a triply degenerate representation. The central atom p orbitals 
transform as t 2 and the central atom s orbital as a x . Generation of the orbital dia- 
gram is therefore quite a simple process by creating bonding and antibonding orbital 
pairs from central atom and ligand orbital combinations of the right symmetry. 
What these symmetry ideas do not give is any idea of the magnitude of the energy 
shifts involved. Specifically in this case, whether the upper t 2 orbital lies below or 
above the upper a, orbital is a matter that has to be resolved by numerical calcula- 
tion. Shown in this diagram are the form of the triply degenerate hydrogen ls or- 
bital combinations which can be determined using the Schmidt process described 
earlier. Algebraically with reference to 4.26 one choice for these degenerate func- 
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FIGURE 4.5. Assembly of the molecular orbital diagram for the tetrahedral AH 4 molecule 
(T d point group) using symmetry-adapted orbitals on the ligands and the central atom s and p 
orbitals. 



4.26 


tions is 

= \ (Xi -X2+X3- Xa) 

'l'b(h)= ^(X\ ~ X 3 ) (4.39) 

>W'2) = ^(X2-X4) 
and that for the a, orbital is of course 

lK«i)=f i(Xi +X 2 +Xa +X 4 ) (4.40) 

where the factors before the parentheses are normalization constants, assuming that 
the overlap integrals between these orbitals are to be ignored (i.e., <X/|x/> = 8//). 

How does the picture change however if, instead of being interested in the AH 4 
molecule, we wanted the orbital diagram for a tetrahedral H 4 molecule? Now, put- 
ting the overlap integrals <x,|x/> = S//(i =£/), the normalization constants of equa- 
tions 4.39 and 4.40 change, but importantly the coefficients before the x/ within 
the parentheses do not change. The new wavefunctions are simply 
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V2(l - S) (Xl " Xs) (4 ' 41) 

«W 1Xl+X!+X3+X4) ^ 

where we have shown one f 2 component. If the H 4 problem is characterized by 

interaction integrals < Xl |^ eff | X/> = Q */), then substitution of equations 4.41 
and 4.42 into equation 1.13 leads to the values of the energies, 

r (443) 

e(a l )- H " +3 — (4.44) 

K l) 1+35 

and therefore the ready synthesis of the orbital diagram of 4.27. For simple mole- 
cules of this type then the level structure down to the relative energy of the levels 
involved is dominated by the symmetry of the system, and may be qualitatively 
understood in a few lines as we have shown here. 
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CHAPTER FIVE 


Molecular Orbital 
Construction from 
Fragment Orbitals 


5.1. INTRODUCTION 

The practical aspects of the perturbation molecular orbital theory discussed in 
Chapter 3 will now be illustrated further by constructing the orbitals of simple 
molecular systems. While being illustrative in their own right, the level patterns 
are representative of several of the orbital patterns we will come across later. The 
molecules examined in this chapter have the common feature that all the atoms 
of the molecule are identical and each contributes one atomic orbital. At its sim- 
plest, then, these are H„ molecules (hypothetical for the most part) but all of 
the arguments for planar systems carry directly over to the tt level structure of 
polyenes where one pit orbital per carbon atom only is considered. In our discus- 
sion the First- and second-order mixing coefficients tjp and are assumed to be 
small. Their signs are determined simply by the signs of the relevant overlap in- 
tegrals Sjj and S k j of equation 3.16 and by the relative energetic ordering of the 
orbitals involved. 


5.2 TRIANGULAR H 3 

This case may be constructed as in Figure 5.1 from the orbitals of the diatomic 
H 2 unit and the orbital of a single H atom. It is easy to see by inspection that 
<02lX3>=O, a result which follows too from symmetry arguments; 0 2 and \3 are 
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FIGURE 5.1. Assembly of the orbital diagram for equilateral triangular H 3 (D 3h ) from those 
of H 2 + H. 

of different symmetry species. We do not need to i ota 
in' this approach is that in the orbital *t, ail the atomic 

* ,a V(Xs) “cA) + 5) 

f 3 a X s -(+,) = ^ _ ((^)) ^ 
orbitals are of equal weight, but in its 

mmmmm 

thev are constrained to form three molecular orbitals, one of which is nondeg 

erate and a pat, which is degenerate (O,** « ™ w 8 TloXs the 
to the construction of the diagram fo, plana, AH, m Sect, on 4 . 8 . A 10 shows m 
form of these orbitals. Using these wavefunctions and the expression for 

to equation 1.1 3 , then, since ff xl =#21 -#33 and 13 23, 

e(a,)“ <X, + X 2 +X 3 |W eff lx, + X 2 + X 3 > 

01 H\ 1 + 2H l - l 


(5.1) 
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and 

e(e')“<X 1 -X 2 l# eff lx 1 -X 2 > 

«#n-#i 2 (5.2) 

or 

e(e') « < 2 x 3 - X, " X 2 l# e " 1 2 Xa - X. " X 2 > 

«#ii-#i2 (5.3) 

So from three isolated s orbitals, the splitting pattern appears as in 5.2. Suppose 
that one H-H distance in H 3 is shorter than the other two. The orbitals for such an 



isosceles triangle are constructed in an exactly analogous way to the equilateral 
triangle problem of Figure 5.1. Now since the threefold axis of the latter is absent, 
the two orbitals <p 2 and \p 3 are not degenerate. The level pattern is generated in 
Figure 5.2. Shortening r, in 5.3, relative to its value in the equilateral triangle, 
stabilizes \p 2 since there is a bonding interaction between atoms 1 and 2 in this 
orbital. Similarly i// 2 does not rise as high in energy as it did in Figure 5.1. Quanti- 


tatively the energy levels of the isosceles triangle may be derived from those of 


equilateral triangular structure by making H t3 = H 23 ¥= H 12 in equations 5.1 and 
5.3. Now equations 5.2 and 5.3 do not lead to the same energy. This is reflected 



FIGURE 5.2. Assembly of the orbital diagram for an isoceles triangular H 3 (C 2v ) from those 
ofH 2 + H. 
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FIGU RE 5.3. Correlation diagram linking the level structures of Uncar and equilateral triangu- 
lar II 3 . 



too in the symmetry species of the levels. In the new point group ( C 2v ) there arc no 
degenerate representations and the pair of functions which used to be of e sym- 
metry in D 3 i , have now split into functions of a x + h 2 symmetry. 

Figure 5.3 shows how the molecular orbital levels of H 3 change as the molecular 
geometry changes from the linear to equilateral triangular structure. As the H-H-H 
angle decreases from 180° to 60° the overlap integrals <x, I X 2 > and <x 2 1 X 3 > do not 
change, provided the distances H|-H 2 and H 2 -H 3 remain fixed. What happens, of 
course, is that overlap between x, and x 3 is switched on. This stabilizes \p , and , 
since Xi and x 3 enter with the same relative phase in both of these orbitals. During 
the bending process these orbitals mix together such that the atomic orbital coef- 
ficients in become equal at the equilateral triangular geometry. This will be 
covered in some depth in Chapter 7. Since in 0 2 of the linear system, x, and x 3 are 
of opposite phase, as the H-H-H angle decreases, 0 2 rises in energy and eventually 
becomes degenerate with 0 3 . The reader should check the resultant molecular or- 
bitals shown in the right-hand side of Figure 5.3 and compare them with those de- 
rived in Figure 5.1. The results are, of course, the same, and we shall use both tech- 
niques, namely distortion of one geometry to another and assembly from smaller 
fragments to view the level structure of more complex systems. 

5.3. LINEAR H 4 

The molecular orbitals of linear H 4 (5.4) may be constructed by interacting the 
orbitals of two H 2 fragments as shown in Figure 5.4 where the orbitals 0,- and 
0; (/= 1, 2) are arranged such that <0,- \ <t>\) > 0. The orbitals 0,- and 0,- enter into 
degenerate interactions as shown in 5.5 where each of the atomic orbital coeffi- 
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FIGURE 5.5. Second-order interaction of the levels «, - U Produced by degenerate interac- 
tions between two collinear H 2 units (5.5). 


Thus the higher lying b is mixed into the lower lying ?, with a positive mixing 
coefficient, but the higher lying g, is mixed into the lower lying b with a negative 
sign The size of the energy shifts will be proportional to the magnitude of he over- 
lap integrals between b and b and between b and b- Note that as a result of this 
process the pairs of orbitals have mixed into each other so that they end up bei D 
orthogonal (i.e., have zero overlap). 


5.4. RECTANGULAR AND SQUARE PLANAR H 4 

The orbitals of rectangular H 4 are constructed in an exactly analogous manner in 
Figure 5.6. The molecular orbitals 0, , <t>\ arc degenerate as are fc^and tf> 2 and so 



^8 v%> 


FIGURE 5.6. Assembly of the orbital dia- 
gram for rectangular H 4 from those of two 
H 2 units. 


RECTANGULAR AND SQUARE PLANAR H 4 65 


the wavefunctions correct to first order in the energy are given in the same manner 
as the case of linear Il 4 in 5.5. However, the resulting orbitals are orthogonal and so 
no second-order interaction between them occurs. Consider what happens when the 
rectangular H 4 molecule (Figure 5.6) distorts to a square, that is, r, becomes longer 
and r 2 shorter (5.6). The overlap between H, and FI 4 and between H 2 and H 3 will 


increase, and the overlap between H, and H 2 and between H 3 and H 4 will decrease. 
Increasing overlap leads to an increasing stabilization if the two atomic orbitals have 
the same phase in a molecular orbital and a destabilization if they have opposite 
phases. Thus 1 //, and 1 p 4 remain at approximately the same energy but i// 2 rises and 
1 p 3 drops in energy. At the square planar geometry tp 2 and \p 3 have the same en- 
ergy, that is, they are degenerate (Figure 5.7). As shown in Chapter 4 there is 
always a choice to be made in writing degenerate wavefunctions. Recall that two 
new functions may be generated by taking a linear combination of the old. 5.7 

K « = 

*3 a V % ~~ 

shows an alternative pair of wavefunctions for this case. Note that each pair of 
functions are orthogonal to each other. 

The energy level diagrams of Figures 5.6 and 5.7 are intimately related 1 ’ 2 to 
the question of the H 2 + D 2 exchange reaction. Shown in Figure 5.8 is an orbital 



FIGURE 5.7. Correlation diagram linking the level structures of rectangular and square H 4 
molecules. 
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FIGURE 5.8. Orbital correlation diagram associated with the H/D exchange for Il 2 + D 2 pro- 
ceeding via a square geometry. 

correlation diagram for this process via a square geometry. This is clearly a sym- 
metry forbidden reaction (Section 4.7) since 0 2 and 0 3 cross at the square geom- 
etry and arc orthogonal throughout the entire reaction coordinate. A high activa- 
lion energy is predicted for the process if it occurs by this pathway. 

5.5. TETRAHEDRAL H 4 

In the previous section two H 2 units were linked together in a planar geometry. 
If they are joined together in a perpendicular manner (as in 5.8) then a tetrahedra 
H„ system results. Using the atomic orbital basis functions shown in 5.8, the orbital 



interaction diagram can be constructed as in Figure 5.9. All the overlap integrals 
between the two units are zero except for (<p i 1 >- So the molecular orbitals ot t it 
tetrahedral H 4 are simply 

01 “01 + 0i 

02 “ 0i " <p\ 

0 3 = 02 
04 = 02 


(5.6) 
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FIGURE 5.9. Assembly of the orbital diagram for tetrahedral H 4 from those of two H 2 units. 
(The solid lines in this diagram which are associated with Ihe geometrical figures are used to 
help the reader visualize the molecular geometry. The “bonds” between connected atoms, usu- 
ally depicted by lines have been left off for clarity.) 

Although it is not at all obvious from this treatment, 0 2 , 0 3 , and 0 4 arc degen- 
erate. This was shown quite clearly, however, in Section 4.7 where we used sym- 
metry arguments to assemble the 11 4 orbital diagram from four isolated H orbitals. 
A single bonding (a,) and triply degenerate antibonding (t 2 ) set resulted. We can 
simply show how in Figure 5.9 0 2 and 0 3 have the same energy as 0 4 by taking 
linear combinations of 0 3 and 0 4 as in 5.9. 



Returning to the H 2 + D 2 exchange reaction, a tetrahedral species is not ex- 
pected to serve as the transition state or intermediate either. Two electrons are 
placed in 0j and the remaining two enter the triply degenerate t 2 level (0 2 - 0 4 ). 
This will be an unstable situation for the same reasons the square FI 4 assembly is 
unfavorable. Another way to look at the problem is to realize that since 0 , is not 
stabilized as much as 0 2 is destablized, then the electronic situation that results is 
a simple two-orbital-four-electron destabilization. 

The orbital correlation diagram for the square planar to tetrahedral transforma- 
tion is shown in Figure 5.10. The hydrogen atoms at the top of the figure have been 
labeled for easy reference. The H,-H 3 and H 2 -H 4 distances become shorter while 
those for H,-H 2 and H 3 -H 4 stay roughly constant along the distortion pathway. It 
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FIGURE 5.10. Correlation diagram Unking the level structures of square planar and tetra- 
hedral H 4 molecules. 

is easy to see by inspection that 0, and 0 4 are stabilized since bonding is turned on 
between H, and H 3 along with that between H 2 and H 4 . 0 2 and 0 3 are destabil- 
ized. Notice that using the alternative descriptions for the degenerate orbitals 0 2 ,a 
in 5.7 for the square planar geometry leads directly to the appropriate combina- 
tions for the triply degenerate tetrahedral levels that we chose in F igure 5.9. 

5.6. PENTAGONAL H s AND HEXAGONAL H 6 

The molecular orbitals of pentagonal H s may be constructed in terms of the orbit- 
als of a bent H 3 and those of H 2 as shown in Figure 5.11. Note that <0, lI0i>> 
<<*'. |0 3 >, and (<t>' 2 |0 a > are positive but that all other overlap integrals are zero. Using 
the results of Table 3.1, then, the orbital derivations of Figure 5.12 naturally 
follow. Again we need to resort to group theoretical considerations to show that 
0 4 s and 3 form two degenerate pairs of orbitals. We wiU return to this below. 

Analogously the level structure of hexagonal H 6 may be derived as m Figure 
5.13 from the orbitals of a pair of H 2 units arranged in a rectangle and an U 2 unit 
with a large H-H distance. For this case (0, |0'i> and <0 3 |0 2 > are positive and a 
other overlap integrals are zero. The resulting first-order mixing of the orbitals is 
shown in Figure 5.14. This is not the only way this diagram can be constructed. 
Another obvious route is from six s orbitals using group theoretical techniques. 
Another is from three Ii 2 fragments. This interesting last approach brings us back 
to the H 2 /D 2 exchange. 5.10 shows how two HD units may be produced from 
2H 2 + D 2 in a tennolecular process. The transition state in the mi e ol tie 
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diagram will be described by the orbitals of Figure 5.13. With a total of six elec- 
trons 0, - 0 3 are doubly occupied. The degenerate pair 0 2 3 should lie at about 
the same energy as the bonding level in H 2 itself. Consequently a termolecular 
collision with this geometry is expected to be much more feasible than a bimolec- 
ular pathway as indeed suggested by detailed calculations. (Although such a col- 
lision is much less probable.) 

The orbital structure of cyclic H„ systems or their polyene counterparts, as dis- 
cussed below, form a very interesting series. We will investigate their level structure 
in more detail in Chapter 12, but note the emergence of a pattern in 5.11 con- 
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FIGURE 5.12. Generation of the orbital description of the levels of pentagonal ll s from 
those of bent H 3 and Hj using perturbation theory. 



FIGURE 5.13. Assembly of the orbital diagram for hexagonal H 6 from those of two 11 2 units 
and a pair of H atoms. 


ORBITALS OF jr SYSTEMS 71 


*, « *, + (*,’) 



FIGURE 5.14. Generation of the orbital description of the levels of hexagonal H 6 from those 
of two H 2 units and a pair of H atoms. 


cerning the energy levels as n becomes larger. The lowest energy orbital is always 
nondegenerate and combines the atomic orbitals in phase with equal coefficients. 
Then the orbitals appear in degenerate pairs. In an odd membered ring therefore 
the highest energy orbital belongs to a degenerate set. In an even membered ring the 
highest energy orbital is nondegenerate. 

5.7. ORBITALS OF 7 r SYSTEMS 

All of the examples used so far in this chapter have employed orbitals constructed 
from a single s orbital on each center. However, our arguments can be carried over 
without change directly to the case of planar organic 7r systems. For example, the 
three pir orbitals of cyclopropenyl (5.12) may be represented as in 5.13 which 
shows the view of the upper lobes of the p orbitals projected onto the molecular 
plane. Thus, the level structure shown in Figure 5.1 for triangular H 3 is identical 
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to that for the 7r orbitals of cyclopropenyl, where the orbitals are shown in per- 
spective in 5.12. Correspondingly, the conversion of rectangular cyclobutadiene 
to the square (5.14) follows exactly the same analysis as detailed for the H 4 prob- 



lem in. Section 5.4 of this chapter. With a total of four i r electrons in C 4 H 4 , the 
reader can readily see from Figure 5.7 that if they are arranged in the low spin 
configuration (all spins paired), then the square geometry is less stable than the 
rectangular one. 

One striking difference between the pir orbitals of the cyclic polyene and those 
of the H„ molecules is that the symmetry labels are different. For example, the pir 
levels of cyclopropenyl transform as + e" (double primes since they are anti- 
symmetric with respect to reflection in the plane perpendicular to the threefold 
rotation axis) but the s orbitals of H 3 transform as a\ + e (single primes since these 
orbitals are symmetric with respect to this symmetry operation). The breakdown 
into nondegenerate and degenerate orbitals (one of each) is the same in both cases. 

The in-plane p orbitals of the cyclic organic systems may be derived in a similar 
way to their out-of-plane counterparts. For an equilateral triangle, the three in- 
plane tangential p orbitals 5.15 transform as a\ + e'. Figure 5.15 shows how the 


*3 



in-plane orbital picture may be assembled along very similar lines to the H 3 prob- 
lem of Figure 5.1. Figure 5.16 shows how the form of the orbitals of the molecule 
are derived. Note that for the in-plane p orbital case the level picture is a two below 
one pattern but for the out-of-plane p orbital case, a one below two situation oc- 
curs. This arises simply because of the nodal properties of x 3 • It interacts with the 
higher energy orbital, <p 2 in Figure 5.15, but with the lower energy orbital in 
Figure 5.1. Another way of describing the same result is to classify these cyclic or- 
bital problems as either of Hiickel or Mobius type. 3 Hiickel systems either have a 
zero or even number of antibonding interactions between adjacent orbitals as in 
5.16. Mobius systems have an odd number of such interactions as in 5.17. The 
general result is that the energy level pattern resulting from the in-plane tangential 
orbitals of odd membered rings is the reverse of the pattern for the out-of-plane 
pir orbitals shown in 5.11. (For even membered rings the level patterns for in- and 
out-of-plane orbitals are the same.) 



FIGURE 5.1 5. _ Assembly of the orbital diagram for the tangential in-planc p orbitals of cyclo- 
propemum from those of a diatomic unit and a single atom. 



FIGURE 5.16. Generation of the orbital description of the tangential in-plane p orbitals of 
cyclopropcnium using the assembly route of Figure 15.15. 



S RE 5 : 17 ' Assemb ‘y of the orbital diagram for the tangential in-plane orbitals of cyclo- 
Dutadienc from those'of two diatomic units. 
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FIGURE 5.18. Generation of the orbital description of the tangential in-plane p orbitals of 
cyclobutadiene using the assembly route of Figure 15.17. 
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ring. These in-plane orbitals thus form a Hiickel rather than Mobius pattern, and the 
qualitative picture is the same as for the pit levels of 5.11. 
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Finally consider the four in-plane orbitals of a square plane (5.18). The orbital 
picture is readily assembled as in Figure 5.17 where all overlap integrals between 
the and & are zero except which is positive. The molecular orbitals arc 

simply constructed using a degenerate interaction as in Figure 5.18. Notice tna 
however the phases on the orbitals x, * X 4 of 5.18 are chosen, there are either zero 
or an even number of changes in sign of the overlap integrals on moving round the 



CHAPTER SIX 


Molecular Orbitals 
of Diatomic Molecules 
and Electronegativity 
Perturbation 


6.1. INTRODUCTION 

In the previous chapter we showed how the energy levels of a molecule could be 
derived by assembling a molecular orbital diagram from those of smaller fragments 
using perturbation theory. It was seen how the orbitals of a molecule, initially orthog- 
onal, can mix together in the presence of another molecule via a second-order mix- 
ing process. There are other ways these orbitals may mix together without the pres- 
ence of another fragment. One way is through an intramolecular perturbation which 
involves a change in the effective potential of an atomic oibital, which will be called 
an electronegativity perturbation (3.1). Another is via ageometry change, as typified 
by the example in 3.2, which will be described in more detail in Chapter 7. 

In order to examine the workings of electronegativity perturbation, we will 
need to examine the orbitals of a molecule where the atoms are not all identical 
and where each atom carries more than one atomic orbital. An important feature 
which results is that of orbital hybridization, namely the mixing of different atomic 
orbitals on the same center. In this chapter we will examine the nature of such 
hybridization, construct the molecular orbitals of diatomic molecules from different 
viewpoints, and describe the essence of electronegativity perturbations. 
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6.2. ORBITAL HYBRIDIZATION 


When combined at a given atomic center, any two atomic orbitals add in a vectorial 
manner. For example, consider the orbital cj> defined by p x and p y atomic orbitals 
as 

<P a CiP x + c 2 p y ( 6 . 1 ) 

The orbital addition is shown in 6.1 and 6.2 for the two cases Cj = c 2 > 0 and c, = 
-c 2 > 0, respectively. The relative magnitudes of c, and c 2 control how much the 
orbital 0 is tilted away from the x and y axes, respectively. The linear combination 
between z 2 and x 2 - y 2 orbitals of 6.3 leads to a z 2 - x 2 orbital as readily appreci- 





x 6.1 








ated from Table 1.1, since 


d z 2 ' dj-yt a 


(3z 2 -r 2 x 2 -y 2 \ , , 

VTi5 — 


Because r 2 = x 2 +y 2 + z 2 , this is proportional to 

( ~ f 2 ) exp(-fr)<xrf 2 _ x2 (6.3) 

The mixing of atomic orbitals with different angular momentum quantum number 
is also controlled by a vectorial addition, and leads to various types of hybrid orbitals 
as shown in Figure 6.1 . The variation of the overlap or interaction integrals of these 
functions with other orbitals as a function of geometry is given simply by a weighted 
sum of the contributions from each component. So if 

^hybrid =fiXi +c 2 X 2 (6.4) 


<0hybrid|X3> = Cl <X> |X3> + t 2 <X2|X3> 
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FIGURE 6.1. Hybridization of atom orbitals (a)s andp, (b)4 xz andp z ,(c)d| andp z . 

6.3. MOLECULAR ORBITALS OF DIATOMIC MOLECULES 


We first examine the valence molecular orbitals of a homonuclear diatomic A 2 unit 
where each atom contributes four valence atomic orbitals (s, p x , p y , p z ) and we 
identify the internuclear axis with the z direction. The basis orbitals naturally sepa- 
rate into those of a ( s , p z ) and n (p x ,p y ) type. The 7r-type orbitals enter into a de- 
generate interaction and lead to ir bonding and antibonding orbitals as shown in 
Figure 6.2. Alternatively, the p x y orbitals on the two centers transform as tt u + n g . 
Use of equation 4.8 leads to an in-phase combination of p x y on the two atoms for 
v u and hence a bonding pair of orbitals and an out-of-phase combination for n g 
leading to an antibonding orbital. Similarly the two s orbitals transform as a g + o„ 
and the orbitals correct to first order in the energy are shown in Figure 6.2. The 
two p z orbitals also transform as a g + or„ and the result of their degenerate interac- 
tion is also shown. The result is three separate first-order energetic interactions. 
However, the a orbitals generated by overlap of s - s and p z - p z functions are of 


A A A A 

0^0^ 2 V 



2o g + 



FIGURE 6.2. Orbitals of an A 2 diatomic correct 
to first order in energy. 
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A A A A 

C#C^ 2a* 



^o— ©O K + 


FIGURE 6.3. Orbitals of an A 2 diatomic after 
second-order energetic changes (6.4) have been in- 
cluded. Whether 2 o g or n„ lies lower in energy is 
system dependent. 



04^*3 l<z g + 


the same symmetry, and just as in the case of the linear H„ molecule of Section 
5.3, they can interact with each other via a second-order energetic process. This Is 
shown schematically in 6.4 and the result is the orbital diagram of Figure 6.3. 

/— 0 ^ 0 ® *. [® — O) <=£> 

- ( 0 0 ) 1=0 C>2<-HZO 2a* 

6.4 

® O - (0^0^)=0 ^0-©0 l£T u + 

+ (0^®0)l=0 l<r g + 

Whether the 2a* g level lies below or above the ltr u level is not a simple matter to 
Predict. It turns out 2 o g lies lower for the First row diatomics up to C 2 . From then 
onward, ln u lies lower. As a result, B 2 is paramagnetic and C 2 diamagnetic. Notice 
hat as a result of the second-order interaction, 2a^ has been pushed up in energy 
and is now less bonding between the two A atoms than before. In fact, it has a resem- 
blance to an orbital constructed via the in-phase addition of two lone pair orbitals. 
° u has been P ushed down in this process and resembles an out-of-phase mixture of 
one pair orbitals, lo^ remains the only o orbital which is strongly A-A bonding. If 
we wished to establish a corie^oiiuence between the traditional Lewis structure for 
e 10 electron N 2 molecule (6.5) and this orbital model, the three bonds between 

0=en;T) 6.5 
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the nitrogen atoms would be identified with the double occupation of la* and the 
two components of Irr,,. As we have described, the lone pair orbitals are best 
identified with lot, and 2a* with the perhaps surprising result that the in-phase com- 
bination lies at higher energy than the out-of-phase combination. The explanation 
for this lies in the details of the orbital mixing process of 6.4. (This “through-bond” 
interaction between lone pairs is discussed further in Section 7.5.) 

Consider now the orbitals of the heterodiatomic AB where the atom B is more 
electronegative than atom A. In our language this means that the atomic levels ol 
B lie deeper than those of A. 6.6 shows the second-order energetic interaction 


A A— B B 



between the pv orbitals (p x ,y) which replaces the first -order one ol figure 6.2. 
Note that the n bonding orbitals are weighted more heavily on atom B and the n 
antibonding orbitals weighted more heavily on atom A as a result. The a orbitals 
may be constructed in an analogous way by first replacing the degenerate interac- 
tions of Figure 6.2 with nondegenerate ones, followed by a second-order energetic 
interaction as in 6.4. The overall form of the diagram is very similar to that for the 
hontonuclear diatomic. Alternatively the orbitals may be built up from first- and 
second-order mixing processes in one step as shown in Figure 6.4. The signs of the 
first-order mixing coefficients are easily determined by the energy differences 
between the relevant orbitals. The signs of the seond-order mixing are somewhat 
problematical. For i p, there is no ambiguity. Identifying s B and p zB with i//?., and 
'I'kA- respectively, the second-order mixing occurs as the result of interaction with 
j,f B = s A (case 3.6) and with 4>? B = p zA (case 3.7). Both lead (Table 3.1) to positive 
mixing coefficients iffi. For i// 2 , however ipf A and ip° A correspond to S 4 and p zA , 
respectively, and the second-order mixing coefficients are negative for \pf B = s B 
(case 3.5) and positive for = PzB (case 3.6). Thus, the form of on the atomic 
site A (Figure 6.4c) is dependent on the relative weights of the two coefficients. A 
similar ambiguity arises for the form of 1 on the atomic site B. 

The second-order orbital mixing in i// 2 and 1 p 3 (on the sites A and B, respectively) 
is omitted in Figure 6.4c, since its effect would be small due to the interference ot 
the two second-order mixing terms involved. For 1//4 there occurs no ambiguity 
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a) 

A 

p za 

S A 

b) 

a • — O + (o — • | + (©o— | + [ — o@] 

*2 a O * ' ( * O) +■ ( • — OO) ± [(220 — ] 

*3® - ( O — • ) + ( < 20 — ) ± [ — o] 

- ( • — O ) - ( —00 ) + [ O ] 

c) 

* a ecO 

+2 a O— 

+ 3 a ©oQ# 

a 62O® 0 

FIGURE 6 . 4 . The form of the a orbitals of the A-B heteronuclear diatomic molecule, (a) 
shows the energetic disposition of the p z and s atomic orbitals, (b) shows the signs of first- and 
second-order mixing coefficients obtained from perturbation theory (Table 3.1). (c) shows the 
final form of these orbitals. 1 - *4 are in the order of increasing energy. 

concerning the sign of its second-order mixing term. It was noted in Section 3.3B 
that the nondegenerate perturbation treatment is not quite satisfactory when two 
interacting levels are close in energy so that equation 3.42 is not satisfied. This situa- 
tion arises when the two levels s _4 and p zB become close in energy. In such a case, 
for example, the weight of s A in \I/ 3 approaches that of p zB so that the representa- 
tion of \p 3 in Figure 6.4c is not quite correct. Direct solution of the appropriate 
secular determinant for such a problem shows a substantial weight on the less elec- 
tronegative end A of 1 / 1 3 , as in the case of the HOMO (n co ) of CO shown in 6.7. 

LUMO = ”to 

6.7 

HOMCf 44- OZ©0 n co 

It is of interest to compare the nature of the HOMOs in 10-electron systems N 2 
and CO. The HOMO 2 o£ of N 2 shown in Figure 6.3 is stabilized by degenerate or- 
bital interaction but destabilized via nondegenerate interaction (see 6.4). If the non- 
degenerate contribution is larger than the degenerate one then this orbital too can 
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be antibonding between the atomic centers, in the AB case this would require the 
overlap integrals (s A \p B ) and {p A |s B > to be larger than the sum of (s A \s B ) and 
<Pa \pb> in of Figure 6.4. In N 2 it turns out that this orbital is bonding as sug- 
gested by the vibrational frequency drop 1 on forming the positive ion: oj e (N 2 ) = 
2359.6 cm" 1 , co* (N 2 ) = 2207.2 cm' 1 . In CO, however, the HOMO, i// 3 is antibond- 
ing; the vibrational frequency increases on forming the positive ion, co* (CO) = 
2170.2 cm' 1 , to* (CO + ) = 2214.2 cm" 1 . 

A result of the orbital mixing process in CO is a nicely hybridized lone pair or- 
bital at carbon. As we have already pointed out, the n* orbitals of this molecule 
contain more carbon character. These two results mean that the carbon end of this 
unit can act (6.7) as a a donor and a a acceptor, a feature of this molecule that will 
be very important in connection with its interaction with transition metals. 

6.4. ELECTRONEGATIVITY PERTURBATION 2 

In this section we shall take the orbitals of A 2 , apply an electronegativity perturba- 
tion, and see how the orbitals of AB are naturally generated. For simplicity, we shall 
only consider the tt type orbitals and will make an approximation in the perturbation 
which will lead to a simple form for the relevant corrections to the energy and wave- 
function. We shall simulate an increase in the electronegativity of one of the atoms 
of the molecule by increasing the magnitude of the Coulomb integral for an orbital 
(on atom B) by a small amount Sa (<0), that is, <Xa| # cff |Xa^ = Haa + 8 a. 1° 
practice, such a change in <x Q H eff x«> should lead to corresponding changes in 
those interaction integrals <x<* H e(f x M > which are nonzero by symmetry via the 
Wolfsberg-Helmholz relationship (equation 1.19). Also, associated with a change 
of // MM values is a change in orbital exponent. As an orbital becomes more tightly 
bound it also becomes more contracted. These two effects we shall explicitly neglect 
in our discussion here. 

Given that the perturbation is simply a change in <x 0 | # eff iX<*> (“ our case we 
identify a with a p x or p y orbital on atom B), then using the approximations just 
discussed SH mv = o’ (for p*v), 5S M „ = 0 and 5H^ = 0 except for the case where 
p = a. Here 5H aa = 6a. So in equation 3.9, S if = 0 for all molecular orbitals, In 
equation 3.10, the only term in the summation which is nonzero is that for p = v 
(= a) and so A, y = c£, 6 a c° aj . As a result, 

A , i -e?S if = c 0 ai c 0 aj 8a (6.6) 

which leads to 

ej l) =(c° Q d 2 

(2) _ v (elicit 5a) 2 

= k 4~4 

,(,)_« 5a 
i‘ e? - e° 


(6.7) 
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These results may be immediately applied to the case of the pn orbitals of A 2 and 
AB. For convenience, we arrange that the coefficients of the orbital x a (P orbital 
on atom B) are positive in both n and 7r* orbitals of A 2 . Then identifying the n or- 
bital with i pi and the 7r* orbital with \[/ y of equations 6.6 and 6.7, c°,-c£ y >0 and 
5a <0. 

71 A B °~ K A A + 4 0 

7TAB a <\A + 4° ^AA (6.8) 

where from equation 6.7 



The new energies are given by 

. , 5a) 2 

^(^ab) = e(7T AA ) + (cii) 5a + —~ 0 — ~ r ~ 

e.- - Cj 

e« B ) = e(?r AA ) + (cS/) 2 5a + (c ^° a > 5 < (6.10) 

where 

c2? 5a < 0; 6a < 0 


( c a/ c a> 5 a) 2 (4^/Sa) 2 ^, 

n n n n ^ u 


4 - 4 


*7 


Both first- and second-order energetic corrections lower the energy of 7 t A b relative 
to 7 r AA . First- and second-order corrections work in opposite directions for the 7r* 
orbital. In most cases the first-order term dominates and both v. and tt* levels lie 
lower in the AB molecule than they do in AA. For example, the n C o and ^co 
levels of a carbonyl double bond are invariably lower than the ir c c and 7Tcc levels 
of the comparable carbon-carbon double bond, as shown in 6.9. Because of its lower 
energy and larger carbon p coefficients, nucleophiles attack the rrco orbital of car- 
bon with greater facility than the ttq C orbital in an alkene. We focus our attention 
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here on the HOMO-LUMO interactions of the two reactants. This is where the 
smallest energy gap, in terms of a perturbation expression, will be found, and. there- 
fore, the largest two-electron-two-orbital stabilizing interaction. A nucleophile will 
have a high-lying HOMO and. therefore, its interaction with the LUMO of an elec- 
trophile (the carbonyl group or C-C double bond) will dominate reactivity trends in 

these types of problems. JIinm 

Another example, shown in Figure 6.5, illustrates how the HOMOs and LUMOs 
of benzene may be used to construct the HOMO and LUMO of the pyridine molecule. 
In this treatment, we have considered only the highest unoccupied and lowest oc- 
cupied orbitals of this system. The intermixing of tr and rr* benzene levels in pyri- 
dine redistribute the electron density. In the perturbed n level, the electron density 
(via the atomic orbital coefficients) is increased on the nitrogen and two mefa-carbon 
atoms Correspondingly the coefficients at the para and two ortho positions have 
increased in the perturbed rr* level. Nucleophiles are therefore expected to attack 
ortho and/or para to this nitrogen atom and indeed they do. 

As a final example we return to the linear 11 3 problem and ask where a more 



FIGURE 6.5. Mixing of HOMO and LUMO orbitals of benzene during an electronegativity 
perturbation to give the pyridine molecule. 


o) central otom substitution 





h — H — h‘ 

l_ i_ j_ 
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Stabilization energies on substitution 

two electron case : |8a I — 58 a 

I6AE 

four electron case- ^8_a 

I6AE 

FIGURE 6.6. Energy level shifts, obtained via perturbation theory, which result on substitu- 
tion of an atom of, 1I 3 by one of higher electronegativity. The two cases of central (a) and 
terminal (b) atom substitution are shown. (Within the Hiickcl model, described in Chapter 1 2, 
AE = \f2fi.) The perturbation used is an increase in |//qJ of the relevant orbital by |Sa|. 
(6a, H aa < 0.) 
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energy shift energy shift 
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electronegative atom (H ') would lie in H 2 H'; at the end or in the middle of the 
molecule. This is worked through in Figure 6.6 where we have adopted a particularly 
simplified form of the energy level diagram for H 3 itself. If overlap is neglected 
(except, of course, nonzero <Xi |// eff |xa> type integrals remain) then the bonding 
and antibonding a* orbitals are split in energy an equal distance (A E) away from 
the exactly nonbonding o* orbital. The orbital coefficients in this zero overlap ap- 
proximation (actually no different from simple Huckel theory as we will see in 
Section 12.2) are also easily evaluated and are shown in the figure. For a change in 
Coulomb integral of 5a for a hydrogen s orbital, then, the equations of 6.6 and 6.7 
are readily evaluated as shown for the three levels. Replacement of the central atom 
by one of larger electronegativity leads to no change in the energy of the a u orbital. 
This is understandable since it contains no central atom character at all. The energy 
change for the two-electron (H 3 ) and four-electron (H 3 ) cases are therefore identical. 
Substitution of an end atom leads to first-order energy changes for both orbitals, 
but the second-order energy correction for a* is identically zero since it is pushed 
up by i//, an equal amount that it is pushed down by i)/ 3 . Now the energy changes 
are different for the two- and four-electron cases. Consequently we predict that the 
more electronegative atom prefers to lie at a terminal position in electron-rich (four- 
electron) three-center systems, and in the central position for electron-poor (two- 
electron) three-center systems. In the case of N 2 0 (3.1) there are a total of eight it 
electrons occupying two out of the three pairs of three center 7r orbitals of this 
molecule, a situation isomorphous with that of the H 3 problem. Correspondingly 
N 2 0 is found as NNO and not as NON. 

It is interesting to correlate the electronic charge distribution for the two- and 
four-electron 11 3 systems with the treatment above. Using the wavefunctions shown 
in Figure 6.6 it is easy to generate the electron densities of 6. 10 and 6. 11. The details 

+ — 

H — H— H H — H— H 

'/ 2 I '/ 2 |'/ 2 I l '/ 2 

6.10 6.11 

of the electronegativity perturbation results, therefore, in a preference for the most 
electronegative atom of a substituted molecule to lie at the site of highest charge 
density in the unsubstituted parent. This is a very important result we shall use later. 
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CHAPTER SEVEN 


Molecular Orbitals 
and Geometrical 
Perturbation 


7.1. MOLECULAR ORBITALS OF AH 2 

Let us construct the MOs of linear and bent AH 2 shown in 7.1 and 7.2, respec- 
tively, where the central atom A contributes four valence atomic orbitals s,x,y, and 
z. We will construct the MOs based upon the perturbation method of Chapter 3, 
and so it is convenient to construct AH 2 from A and H • • • H units. The orbitals 
of H • • • H are the in-phase and out-of-phase combinations of hydrogen s orbitals 
shown in 7.3, where the energy gap between o g and o u is small since the H • • • H 
distance in 7.1 and 7.2 is large in most cases of interest. 


H H 



7.1 ‘ 7. 2 7.3 

A number of relative orderings conceivable for the orbitals of A and H • • • H are 
shown in 7 .4. For example, the orbitals of H • • • H lie in between the s and p 
orbitals of A in 7.4b, which turns out to be relevant when A is carbon. The orbitals 
of A shift upward or downward in energy with respect to those of carbon as A be- 
comes more electropositive or electronegative than carbon, respectively. For sim- 
plicity, we will construct the MOs of AH 2 for the case of 7.4b. 
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7.4 



The orbital interaction diagram for linear AH 2 is shown in Figure 7.1, where the 
MOs of AH 2 are easily written down as shown in 7.5. We have already examined in 
Chapter 4 how to construct the MOs of bent AH 2 based upon symmetry arguments 
alone. The y and z orbitals of A do not overlap with any of the two orbitals of 
H ■ ■ • H, so they become the nonbonding orbitals of AH 2 (7.6). The number of 
nodal planes in the MOs increase upon going to orbitals of higher energy: \a g has 
zero; la„ and 1 tt u each have one; 2 a g has two; and finally there are three nodal 
planes in 2 o u . 


1 °g a 



o — o) ^ o-O-o 


- (— O— ) ->o-0-o 

+ ( OO j «=C> QO^ 


a -o@- 






The orbital interaction diagram for bent AH 2 is shown in Figure 7.2. In a bent 
structure, the overlap of the s and z orbitals of A with the a, orbital of H • • • His 




• A H A — H H H 



I cr 
1 

FIGURE 7.1. An orbital interaction diagram for linear AH 2 . 



FIGURE 7.2. An orbital interaction diagram for bent AH 2 . 
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nonzero (7.7) so that second-order orbital mixings occur between A atom s and z 
orbitals via overlap with the a, orbital of H • • • H. Therefore, the MOs of bent All 2 
may be constructed as in 7.8. The basic orbital shapes are the same as those for 

(A |cr^o) >0 

X 7.7 



* A ♦ (oA) * [A] 

... - <y\>- 

a ^ - (cA) * [A] ^ A® 
"■= « o^> * A© 

. 9* - 

. A 

linear AH 2 (7.5) except for the three of a, symmetry. The s and z atomic orbitals 
of the central atom A mix with a, of the H • • • H fragment to produce a fully 
bonding (la,) and a fully antibonding (3a,) molecular orbital. Notice that the z 
component in each mixes so as to maximize the magnitude of overlap between the 
central atom and the two hydrogens. The 2a, molecular orbital is hybridized away 
from the hydrogens. It remains, like 1 , , essentially nonbonding. 

With the MOs of linear and bent AH 2 derived separately, it is important to ask 
how the MOs of one geometry are related to those of the other. In order to m 
this relationship, we need to understand how the MOs of a molecule are modifie 
under geometrical distortion. 


GEOMETRICAL PERTURBATION 
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7.2 GEOMETRICAL PERTURBATION 

Suppose that a molecule undergoes a distortion. Let us examine how the MOs of 
one geometry are related to those of another, where the structural distortion in- 
volved is considered as a perturbation. The molecular geometries before and after 
distortion are said to be unperturbed and perturbed, respectively. Given any two 
geometries of a molecule, either one may in principle be considered as the per- 
turbed one. In practice, however, it leads to a substantially simpler analysis if the 
molecular geometry of the lower symmetry is chosen as the perturbed one. 

As shown in Section 3.2A, the first-order mixing coefficient and the first- and 
second-order energy terms are given by 

,(» = hc _A jig. (71) 

" 4-4 4-4 

e<» = A„ -*?$//“ -S lf (7.2) 

e ( 2 ) = y Ay - 4 Si/) 2 a y Sj, 

' jh - ef ,7, 4 - 4 

where the matrix elements A /; - and Sy arc defined as 

= W#/ < 7 - 4 ) 

n v 

Sn=ZZ4t^ c °i ( ? - 5 ) 


Note that it is the MO coefficients of the unperturbed geometry (i.e., e£/ and 
clj) and the change in the matrix elements (i.e., 8H,,,, and 5S pv ) which define the 
A y and Sy terms. If the two geometries under consideration are identical, 5H M „ = 
= 0 for all n and v. Consequently, Ay = Sy = (Ay - e°Sy) = 0 for all n and v. 
Consequently, Ay = Sy = (Ay- ef§y ) = 0 in such a case. A geometrical perturba- 
tion makes most 5H M „ and 5S„„ elements different from zero, so that the values of 
Ay and Sy deviate from zero in most cases. Thus the value of (Ay - ef Sy) will 
often be nonzero on a geometrical perturbation. 

In general the first-order energy e, 1 * is stabilizing (i.e., < 0) if the value of 

S n is positive, but destabilizing (i.e., ef x) >0) if the value of S lt is negative. The 
value of Sy is positive by enliancing a positive overlap, which strengthens bonding 
on perturbation or by diminishing a negative overlap, which weakens antibonding 
effects. Similarly, the value of Sy is negative by diminishing a positive overlap, 
which weakens bonding, or by enhancing a negative overlap, which enhances anti- 
bonding effects. For example, the \a g and l7r uz orbitals in linear AH 2 are normal- 
ized to unity as shown in 7.9 and 7.10. Upon the linear to bent (i.e., D xh -* C 2v ) 
distortion, the 1 a g orbital does not remain normalized to unity since the overlap 
between the two s orbitals increases as indicated in 7.11. However, the l7r„ z orbital 
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remains normalized to unity because it has no orbital contribution from hydrogen. 
Thus we obtain the results shown in 7.12 and 7.13. According to 7.9 and 7.12, the 
first-order energy e' 0 is stabilizing for 1 o g since the value of S„ becomes positive 
on the D„ h -*■ C 2V distortion. 7.10 and 7.13 show that the first-order energy e) is 
zero for °lir U2 since the value of S ti is zero during the D„ h -> C 2u distortion. 

The first-order mixing coefficient tjp and the second-order energy e, are de- 
termined by the term (A„- - ejS i} ). This is in general negative if the value of 5,,- 
increases from zero, but positive if the value of 5 i; - decreases from zero. This stems 
from the fact that A„<x -S, 7 , and the magnitude ofA„ is generally greater than 
that of e^Sjj. Therefore, equation 7.1 shows that, if 5,,-> 0, the coefficient^/ is 
positive for the mixing of an upper level 0° into the lower level 0/0?,- ” e j < -0) 
while the coefficient tjp is negative for the mixing of a lower level 0° into an 
upper level 0?(e? - ej > 0). In addition, equation 7.3 shows that a given level 0° 
is lowered in energy by an upper level 0? but raised in energy by a lower level 0, . 
For example, the 1 o g and 1 jt u2 orbitals of AH 2 are orthogonal in a linear structure 
(7.14), but do not remain orthogonal in a bent structure (7.15) since the overlap 
between s and z is nonzero. Thus the 1«, orbital of bent AH 2 can be approximately 
described in terms of 1 o g and 1 tt U 2 as 7.16, where use is made of the fact that, in a 
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linear structure, 1 o g lies lower in energy than 1 ir„ 2 (see Figure 7.1). With respect to 
the 1 o g level of linear AH 2 , the la, orbital of bent AH 2 is lowered in energy since 
the first- and second-order energy terms are both stabilizing. 

7.3. WALSH DIAGRAM 1 " 5 

Figure 7.3 shows the MOs of linear and bent AH 2 discussed in Section 7.1. Here 
the MOs of linear and bent AH 2 are labeled according to their point group sym- 
metry, and are also given the mnemonic labels such as o, n, or o* to indicate their 
sigma-bonding, nonbonding, or sigma-antibonding character, respectively. In 
Section 7.2, we showed why the la, orbital is lower in energy than the 1 o g orbital. 
For the ln uz level, the first-order energy term ej 1 * is zero according to 7.10 and 
7.13. However, the overlap between 1 7r U2 and 2 o g is nonzero in a bent structure 
(7.15), thereby leading to an orbital mixing between them and hence to nonzero 
second-order energy terms ej 2 \ Thus the 2a, and 3a, orbitals are lowered and 
raised with respect to l7r„ z and 2 o g , respectively. The nodal properties of the 2a, 
and 3a, orbitals may be constructed as shown in 7.17, where the mixing of 1 o g 
into l7r uz or 2 o g was neglected because the energy separation of 1 o g from the 1 tt uz 
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7. 17 

“ (A’ (•^ x ) c=> a4^ 

or 2 o g orbitals is large compared with the energy gap between l7r uz and 2 a g . The 
reader can readily verify that 1 a g will mix into 1 7r„ z with a phase opposite to that 
shown for 1 a g in 7.5. Therefore, the atomic s character on A is reinforced in 2a, 
by the first- order mixings while the atomic coefficients for the hydrogens become 
quite small. The nodal surfaces of l7r U2 and 2a, are shown by the dashed lines in 
7.18. Thus, the hydrogens basically follow the nodal surface in 2a, on bending. 
This reemphasizes our previous comment that 2a, is considered to be nonbonding. 



Figure 1 .4 shows that the overlap between the s and x atomic orbitals decreases 
as the HAH valence angle becomes smaller. Thus in lo u , the linear to bent (i.e., 
D„ h -*■ C 2v ) distortion of AH 2 decreases the bonding between the s and x orbitals, 
and increases antibonding between the two s orbitals, thereby raising the 1 a u level. 
As for 20^, the D^ h -> C 2v distortion leads to a decrease in antibonding between 
the s and x orbitals but to an increase in the antibonding between the two s orbitals. 
The former predominates over the latter in magnitude due to the large H • • • H 
distance, so that the 2 o u level is lowered by the -»■ C 2v distortion. Finally, the 
\n uy level is not affected by the -> C 2v distortion since its overlap with other 
orbitals vanishes at all points along the distortion coordinate. 

Diagrams such as those of Figure 7.3 which show how the MO levels of a mole- 
cule vary as a function of geometrical change are known as Walsh diagrams. As we 
will show extensively throughout this book, a major function of a Walsh diagram is 
to account for the structural regularity observed for a series of closely related 
molecules with the same number of valence electrons. Walsh’s rule for predicting 
molecular shapes may simply be stated as follows: A molecule adopts the structure 
that best stabilizes the HOMO. If the HOMO is unperturbed by the structural 
change under consideration, the occupied MO lying closest to it governs the geo- 
metrical preference. 

Let us illustrate Walsh’s rule by examining the shapes of AH 2 molecules based 
upon Figure 7.3. The HOMO of the two-electron AH 2 is a s , which is stabilized in 
the bent structure. Thus LiH 2 adopts a bent geometry. The HOMO of a three- or 
four-electron AH 2 is o x , and this orbital is destabilized on bending so that LiH 2 
and BeH 2 are linear. The n„ orbital of AH 2 lies lower in a bent structure while 
of AH 2 is energetically unaffected by the D xh -> C 2v distortion. Consequently, the 
shape of AH 2 molecules with five to eight electrons is governed by the energetics of 
n„. Thus BH 2 , CH 2 , NH 2 , and H 2 0 all adopt a bent structure (see Table 7.1). 1 
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TABLE 7.1. Typical Bond Angles in AH 2 ' 


ah 2 

< HAH (°) 

AH, 

<IIAH(°) 

bh 2 

131“ 

A1H 2 

119“ 

ch 2 

136* 

SiH 2 

123 6 

nh 2 

103.3“ 

ph 2 

91.7“ 

oh 2 

104.5'' 

sh 2 

92.1 d 

an., .i 1 


b (2a,)' (l*,) 1 . 
c (2 a,) 2 (lb,)'. 
d (2a,) 2 (lb,) 2 . 


7.4. JAHN-TELLER DISTORTIONS 6 ' 8 

In the previous section we showed an important use of a Walsh diagram in predict- 
ing molecular shapes by simply focusing upon tire behavior of the HOMO (or an 
occupied MO lying close to it). Another important facet of a Walsh diagram lies in 
the ability to predict geometrical distortions by knowing how the HOMO (or an 
occupied MO lying close to it) is affected by the LUMO (or an unoccupied MO 
lying close to it) when the molecule undergoes some geometrical perturbation. 

A. SECOND-ORDER JAHN-TELLER DISTORTION 

The HAH valence angles of eight- electron molecules H 2 0, H 2 S, and H 2 Se are 
104.5, 92.1, and 90.6°, respectively. This shows a steady decrease in the valence 
angle upon lowering the electronegativity of A. Since it is the energetic behavior of 
n„ which determines the preference for a bent structure in eight-electron AH 2 sys- 
tems, we will examine the behavior of the n a orbital in terms of the simplified 
Walsh diagram of 7.19. As described by equation 7.3, the stabilization of 2 a, is 


h — a — H 
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X H 
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caused solely by the second-order term ej 2 \ which is inversely proportional to the 
energy gap Ae between l?r U2 and 2 a g of the linear geometry. 

ep) = e(2 fll )-AK z )cc-J- (7.6) 

As shown in 7.20, the l7r U2 level is raised in energy upon decreasing the electro- 
negativity of A. 2 o g , although it contains A character, behaves differently. The 

less electronegative A 

0-^-0 



A— H bond length increases with decreasing the electronegativity of A (e.g., 
r A _ H =0.958, 1.336, and 1.460 A for H 2 0, H 2 S, and H 2 Sc, respectively). 1 This 
is also a reflection of the fact that, with increasing the principal quantum number 
n, the np atomic orbital of A becomes more diffuse and hence leads to a smaller 
overlap with the hydrogen Is orbitals. Thus, the antibonding in 2a g is diminished 
as the electronegativity of A decreases so the net effect is to lower the energy of the 
2a g level. The energy gap Ae between l7r u2 and 2 a g becomes smaller and so the 
energy lowering of equation 7.6 increases upon decreasing the electronegativity of 
A. This provides an explanation for the decrease in tire HAI I valence angle of an 
eight-electron AH 2 system as A becomes less electronegative (See Table 7.1). 

It is also understandable that the inversion barrier (the amount of energy required 
to distort the molecule from a bent to linear geometry) increases in the order 
ll 2 0<H 2 S<H 2 Se. In other words, the downward slope of n„ in Figure 7.3 in- 
creases in this order because of the larger mixing of 2o^ into ln uz as A becomes less 
electronegative. 

A structural distortion arising from a second-order energy change in the HOMO, 
like the D -» C 2u distortion just described, is termed a second-order Jahn-Teller , 
distortion. This phenomenon refers to the observation that a molecule with a small 
energy gap between the occupied and unoccupied MOs is susceptible to a structural 
distortion which allows intermixing between them. Typically, it is the HOMO and 
LUMO that are involved in a second-order Jahn-Teller distortion. The symmetry 
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species of the distortion which allows the mixing between the HOMO and LUMO is 
derived very simply from group theory. Since we need a distortion coordinate q 
such that the matrix element <H0M0|3H cff /a</| LUMO) is nonzero, the direct 
product Thomo * Tlumo X must contain the o, (i.e., totally symmetric) 
representation. Here r HOMO and T LUMO are the symmetry species of the HOMO 
and LUMO, respectively, while is that of the distortion coordinate q which de- 
fines the perturbation 8H eff /a^. This implies that V q = Thomo X T LUMO , In the 
present case for eight-electron AII 2 systems at the linear geometry, T H omo = 7 r„, 
Tlumo = ° g an d so r q = 7r„ X a* = n u , the symmetry species of the bending mode 
of the molecule (7.21). Eight-electron AH 2 molecules are, therefore, bent. For the 
four-electron case (e.g., BeH 2 ), r HOMO = o+, T LUMO = rr„ and so T^ = n g . No 
normal vibrational mode exists with this symmetry in linear AH 2 and so no mixing 
between the HOMO and LUMO will occur on bending. Therefore four-electron 
AH 2 molecules are predicted to remain linear. 


t 

H A H 7.21 

1 i 

"ii 

B. FIRST-ORDER jAHN-TELLER DISTORTION 

Shown in 7.22 is the Walsh diagram for the equilateral triangle to linear (i.e., 
■D 3 /, C 2 „ -* D xll ) distortion in a simple three-center system (see also Figure 5.3). 



It predicts that a two-electron system H 3 should be triangular while a four-electron 
system H 3 should be linear. In a D 3h structure, the HOMO of H 3 is doubly degen- 
erate and half-filled as depicted in 7.23. The degeneracy is lifted by the D 3/ , -* 
distortion since it stabilizes the le' x level but destabilizes le' z . Throughout the 
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j) h -»■ Dooh distortion the overlap of le' x with le' z or la, vanishes, so that the 
stabilization of the le' x level is caused by a first-order energy change that remits 
from decreasing the extent of antibonding interactions in the le x orbital, this 
instability of triangular Hi is an example of a first-order Jahn-Teller dis'ortiomln 
general, any nonlinear molecule with an incompletely filled, degenerate HOMO 
level is susceptible to a structural distortion which removes the degeneracy. In their 
original formulation. Jahn and Teller associated this structural instability with de- 
generate electronic states. These will only arise via asymmetric occupation ot de- 
generate orbitals as in 7.23. The symmetry species of the distortion mode which 
will lift this degeneracy can be determined by using group theoretical arguments. 
We refer the reader elsewhere 3 for a more detailed treatment. A general result is 
that a vibration of e symmetry will lift the degeneracy of an orbitally degenerate 
situation involving the occupation of <? symmetry orbitals. The distortion mode 
which takes the triangular to the linear structure is a mixture of e stretching an 
bending modes. 

C. THREE-CENTER BONDING 

The linear or open arrangement of a three- center-four- electron system H 3 bears a 
close resemblance to the transition state geometry associated with a nucleophilic 
attack on a tetrahedral carbon center shown in 7.24. Correspondingly, the triangu- 
lar or closed arrangement of a three-center-two-electron system H 3 is related to a 
front-side electrophilic attack as shown in 7.25. The relevant orbitals at the tetra- 
hedral carbon consists of the C-X bonding and antibonding orbitals a C x and a cx . 
respectively. The electrophile or the nucleophile will possess an appropriate accep- 
tor or a donor orbital, respectively. 9 Three MOs for the composite “supermolecule 
can be readily derived which have the same local symmetry properties as the ii 3 
system. Of the three MOs, only the lowest is filled in electrophilic attack so tha . 
just like H5, a closed rather than open geometry is preferred in 7.25. in a nucleo- 
philic attack 7.24, the donor orbital of the nucleophile is filled, and thus there are 
now a total of four electrons to be placed into the three MOs. Consequently a 
linear geometry is the more stable one. This is a general feature which will be high- 
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lighted in several problems throughout the book; namely, electron-deficient two- 
electron-three-center bonding prefers a closed arrangement while electron-rich 
four-electron-three-center bonding adopts an open geometry. 

Recall that the degeneracy of HJ in a D 3h structure is lifted by the D 3h -*■ D ooh 
distortion. Suppose now that we constrain the structure of HJ to be triangular. 
Then the degeneracy of Hj in a D 3h structure can be lifted, for example, by the 
equilateral triangle to isosceles triangle (i.e., D 3h -+C 3B ) distortion as shown in 
Figure 7.4 (see also 5.3). In terms of this diagram, let us examine the energetics 


h H 




FIGURE 7.4 Correlation between the MO levels of equilateral and isosceles triangular H 3 . 
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h - h 2- h 3— H rV H 2 


of the reaction path appropriate for the exchange reaction 7.26. One conceivable 
reaction path for this exchange is 7.27 via an equilateral triangle. However, Figure 
7.4 shows that the path 7.27 is less favorable than the alternative 7.28 which goes 
through an isosceles triangle because of the Jahn-Teller instability (and therefore 
local energy maximum) at the D 3h geometry. Figure 7.5 shows a somewhat ideal- 
ized contour diagram of the potential energy surface for the interconversion 7.29. 
The energy minima A, B, and C of Figure 7.5 represent the three equivalent, 
linear Hj structures. The energy maximum E lies at the equilateral triangle geom- 
etry, which is not a transition state for the interconversion since it is not a saddle 
point on the potential energy surface. 10 The saddle point D. located at an isosceles 
triangle geometry, is the transition state in the interconversion along the reaction 
coordinate A -*• B. We will see that the potential energy surface of Figure 7.5 is 
characteristic of many chemical reactions. 


7.5. BOND ORBITALS 

The MOs of linear and bent AH 2 in Figure 7.3 correspond to the symmetry of the 
molecule, and hence are called symmetry adapted orbitals. Traditionally, molecular 
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A - ' 2 3 ' 3 2 


FIGURE 7.5. A contour diagram of the po- 
tential energy surface for the intcrconversion 
7.29. The points A, B, and C represent energy 
minima, but the point E represents an energy 
maximum. 

electronic structures are often described in terms of bond orbitals due to the one- 
to-one correspondence between a bond and a doubly occupied bonding orbital. 
When combined together with the valence-shell-electron-pair-repulsion (VSEPR) 
model, 11 the bond orbital description provides a set of simple rules for predicting 
molecular shapes although its applicability is limited to the consideration of ligand 
arrangements around a single atom. Two important rules of the VSEPR model, 
which are sufficient to predict the shapes of simple molecules, are as follows: 
(a) The best arrangement of a given number of electron pairs in the valence shell 
of an atom is that which maximizes the distances between them, (b) A nonbonding 
pair of electrons occupies more space on the surface of an atom than a bonding 
pair. Since bond orbital and MO descriptions of molecular electronic structures are 
considerably different, it is important to examine how the two approaches are 
related to each other. 

Suppose^ that the HAH valence angle of AH 2 is equal to the tetrahedral angle 
(i.e., 109.5 ). Let us construct from the valence s and p orbitals the sp 3 hybrid 
orbitals on A as indicated in 7.30. Two of these hybrid orbitals may be used to 
form bonding and antibonding orbitals with the hydrogen s along each A — H bond 
as shown in Figure 7.6, and the other two hybrid orbitals remain nonhonding 
orbitals on A. These bond orbitals (e.g., <j AH , n A , and oJ H in Figure 7.6) do not, 
however, have the transformation properties with respect to the molecular geom- 
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etry demanded by the character table of the C 2u point group (Table 4.1) to which 
this molecule belongs. Unlike MOs, bond orbitals are therefore not eigenfunctions 

of the effective Hamiltonian H eff . „ 

From the vector properties of orbitals, the bond orbitals a AH , «a and o A „ ot 
Figure 7 6 may be decomposed into atomic orbital contributions as shown in 7.31. 
So we can easily see that the MOs of bent AH 2 are approximated by the bond 
orbitals as shown in Figure 7.7. Consider for instance the linear combinations ot 
the two bonding orbitals o AH . The “positive” combination of the two leads to the 
o MO and the s character of A is retained. The “negative” combination leads to 
the a*, and removes the s character of A. Therefore, the two linear combinations 
of the degenerate bonding orbitals a AH become different in enerp. Similarly, 
linear combinations of the two n A orbitals or the two o AH orbitals lift the de- 



FIGURE 7.6. An orbital interaction diagram for bent AH 2 in the bond orbital approach. 
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7.31 

generacy of the bond orbitals involved. Thus the MO levels of AH 2 are related 
to the bond orbitals as in 7.32. Since these bond orbitals are not eigenfunctions 
of H'- , the lifting of the bond orbital degeneracy is not surprising. Bond orbit- 
als are often used as a convenient starting point in the generation of symmetry 
adapted MOs. 

According to the bond orbital-MO correlation diagram 7.32, eight valence elec- 
trons of H 2 0 are accommodated by the bond orbitals and the MOs as in 7.33 and 
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7.34, respectively. Apparently, the bond orbital and the MO descriptions of H ; 0 
are quite different, although the decomposition described above provides links 
between the two. It is worthwhile, however, to comment upon the merits and 
limitations of the two different approaches. 

The bond orbital approach predicts that H 2 0 is bent since the lowest energy 
arrangement for four electron pairs around an atom is a tetrahedral one in the 
VSEPR model. In addition, this approach rationalizes why the HOH angle is smaller 
than the tetrahedral angle since, on the surface of an atom, a nonbondmg electron 
pair is supposed to occupy more space than does a bonding electron pair. The MO 
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approach based upon the Walsh diagram Figure 7.3 predicts that H 2 0 is bent, but 
it does not predict how small the HOH angle would be. Nevertheless, the MO 
approach provides an elegant explanation for the decrease in the valence angles of 
eight-electron AH 2 systems in the order H 2 0 > H 2 S > H 2 Se. Occasionally some- 
what peculiar hybridization arguments have been constructed for molecules like 
H 2 S and H 2 Se which have rather acute bond angles. Since they are close to 90°, 
p atomic orbitals are used to form the A — H bonds leaving the lone pair in an 
unhybridized s orbital on A. It is clear from the shape of la, and 2 a, that this is 
far removed from a realistic point of view. 

An electron in an MO i //,- is under an effective potential e t . As we will discuss in 
Chapter 8, Koopmans’ theorem shows that the ionization potential required to 
remove an electron from i//,- is given by -e f . 12,13 As schematically depicted in 
7.35, a photoelectron spectrometer measures the kinetic energies of electrons 


7.35 


molecule 

ejected from a molecule by an incident photon beam of energy hv. Such photo- 
electrons originate from various MO levels i pj, and therefore their kinetic energies 
(KE) are related to the orbital energies e t by 

-e t = hv- KE (7.7) 

Importantly, it is the MO energies <?,■ that are directly related to experimental ion- 
ization potentials via Koopmans’ theorem. Since bond orbitals are not eigenfunc- 
tions of the effective Hamiltonian H tff , their energies do not refer to the effective 
potentials that can be directly related to experimental ionization potentials. For 
example, the photoelectron spectrum of H 2 0 does not show ionization from two 
sets of degenerate levels as implied by the bond orbital picture 7.33 but four levels 
as expected from the MO picture 7.34 (i.e., 12.6, 13.8, 17.2, and 33.2 eV for the 
w„, "o. o x , and a s levels, respectively). Note that the n„ and n a nonbonding levels 
are separated by 1 .2 eV or about 28 keal/mol; they are in no way close to being 
degenerate. 

As a final example concerning the difference between the bond orbital and MO 
descriptions, let us consider how an electrophile E* might attack H 2 0 to form 
HjO*-^. According to the bond orbital description 7.36, an electrophile would 
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approach H 2 0 along the axis of one nonbonding orbital of oxygen since this 
allows for maximum overlap between the nonbonding orbital n Q and the acceptor 
orbital <? e of E + . In the MO description, the interaction between H 2 0 and E 
can be discussed in terms of the simplified interaction diagram 7.37, where the 




(«rr - 0e) and ( n a ~ 0e) interactions are both stabilizing. Let us define the approach 
angle 0 of E* by reference to the p orbital axis of n„ as shown in 7.37. In terms of 
overlap, the magnitude of the (n n - 4> e ) interaction is a maximum at 0 - 0 and a 
minimum at 0 = 90° as depicted in 7.38. The opposite situation is found for the 
case with the (n a - </> e ) interaction as indicated in 7.39. Thus at 0 =^45 , an electro- 



vs 7.39 

phile can take advantage of both the («„ - 4> e ) and (n a - *,) interactions. However, 
n„ is closer in energy to <p e than is n„ so that, in terms of orbital energy gap, the 
(n„ - <p e ) interaction is more stabilizing than the (n a - <p e ) interaction. Thus the 
approach angle 0 becomes smaller if the energy gap between n„ and n a is made 
greater. From our discussion using 7.19 and 7.20, it is evident that the lowering 
of n a with respect to 1 tt„ z is greater, and hence the energy gap between n„ and 
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n a becomes greater, if the central atom of AH 2 is made less electronegative. As 
a consequence, the approach angle 0 is predicted to be smaller for H 2 S than for 
H 2 0. 14 

7.6 THROUGH-BOND INTERACTIONS 15 

In connection with the bond orbital-MO correlation diagram 7.32, we showed how 
degenerate bond orbitals centered on a single atom combine in a linear way to give 
symmetry-adapted MOs. Degenerate bond orbitals centered on different atoms also 
combine linearly to give symmetry-adapted MOs, but this occurs primarily not 
“through space” but “through bond.” As an example of a through-bond interac- 
tion, we will return to the nonbonding orbitals of N 2 (Section 6.3). In the bond 
orbital picture, they are represented as in 7.40, a description that implies the 

(T>n^^n<T) 7.40 

presence of two equivalent nonbonding electron pairs. The bond orbitals of N 2 
may be constructed by employing two sp hybrid orbitals and two p orbitals on 
each nitrogen atom as shown in Figure 7.8, where the bond orbitals a, n+, 
and o* are given in 7.41. The vr and 7r* orbitals of Figure 7.8 are identical to the 


N N =N N 



FIGU RE 7.8. An orbital interaction diagram for N 2 in the bond orbital approach. 
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corresponding MOs of a homodiatomic molecular examined in Chapter 6. In 
Figure 7.8 the in-phase nonbonding orbital «+ lies slightly lower than the out-of- 
phase nonbonding orbital n. because of the small overlap between the two sp 
hybrid orbitals through space. Let us compare this result with the MO descrip- 
tion of a homonuclear diatomic molecule in Chapter 6. This showed the in-phase 
nonbonding orbital 2o g to lie at higher energy than the out-of-phase nonbonding 
orbital lo u . This apparent discrepancy originates from the complication that, in 
the bond orbital description the « + orbital has nonzero overlap with o and the 
n. orbital a nonzero overlap with a*. Therefore, we need to include interaction 
between and o and between n. and a*. It is this through-bond interaction that 
leads to the ordering of the nonbonding orbitals shown in Figure 7.9. That is, n- 
is lowered in energy by a* to become lo u , while «+ is raised in energy to become 
2a g . According to the photoelectron spectrum of N 2 , the ionization potentials 
from the lo„ and 2 a g levels are 15.5 and 18.8 eV. respectively. The 3.3 eV energy 
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FIGURE 7.9. Change in the relative ordering of the nonbonding levels of N 2 derived from the 
bond orbital approach by through-bond interaction. 



iRENCES 


109 


difference between the two lone pairs and the fact that the in-phase combination 
lies at a higher energy than the out-of-phase combination may seem disconcert- 
ing but it is an experimental fact. Further details on this topic are presented in 
Section 113. 
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CHAPTER EIGHT 


State Wavefunctions 
and State Energies 


8.1. INTRODUCTION 

Up until now we have avoided discussion of the nature of the effective Hamiltonian 
H eff that has figured prominently in the expressions for the interaction integrals. 
We have also left until this chapter consideration of a related problem, shown in 
2.3 and 2.5. Given two orbitals of different energies, and two electrons, what fac- 
tors influence the relative stabilities of the possible singlet and triplet states? In the 
case of atoms where electrons enter degenerate p or d orbitals, one of Hund’s rules 
tells us that the state of highest spin multiplicity will be most stable. To put this in 
perspective, 8.1 shows the strategy which we will use in understanding molecular 
orbital calculations. Much of what we have to say elsewhere is accessible by consid- 
ering the steps A-C and describing problems hi terms of one-electron energies. But 
as mentioned above, there are several situations which do not make sense until we 
take the next step and switch on electron-electron interactions. Finally we shall 
also find some material that requires a higher level of sophistication still and forces 
us to include the last step in 8.1 . Discussion of these problems requires the study of 
the molecular Hamiltonian H and the state wavefunction <I> of a molecule. Since H 
and <1> should describe all the electrons, 1, 2, 3, . . . , N present in a molecule, they 
are functions of the electron coordinates 

// = £(1,2,3,..., AO (8.1) 

<I> = <F(1, 2, 3,..., AO (8.2) 

where each electron number p (= 1 , 2, 3, . . . , N) refers to the spatial coordinates 
j’ M , and Zj, as well as the spin coordinate s u of the electron u. The importance of 
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A . atomic orbitals 


H (is) + H (is) 


B- molaculcr orbitals 


add electrons 


C. configurations 


electron repulsion 


D. states as single 
determinontal wave 


functions 


state mixing 


E. Cl stales as Cl wave 
functions 


<r + cr + 
9 , u 


i<) z - r g + ■ (°uY 


's + • 'z + • 3 t + . 'y + 

^u ^u Z g 


improved states 


H and <i> originates from the fact that the total energy of a molecule in the state <f> 
is given by the expectation value 


E= <<T>|/7|<I>> 


if $ is normalized to unity 


<d>|<F>= 1 


8.2. THE MOLECULAR HAMILTONIAN AND 
STATE WAVEFUNCTIONS 1 

In terms of atomic units, in which the electron mass w, charge e, and the constant 
h/2Tr are taken to be unity, the molecular Hamiltonian H may be written as 

£= £ fe(M)+ Z (8.5) 

A=1 l v<n I A>B ,AB 




g(p, v)=~ (8.7) 

r HV 

The first term of the core-Hamiltonian h(p) in the equation 8.6 is the kinetic energy 
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of the electron y which can be expressed as given by the equation 8.8. The second 
term of h (y) is the energy of attraction between the electron y and all the nuclei of 


2 V " 2 \bx 2 dyl Zz 2 J 


the molecule. r„ A is the distance between the electron y and the nucleus of atom 
A with charge Z A . The electron-electron repulsion between electrons y and v is 
given by equation 8.7, where is the distance between electrons y and v. The 
total nuclear-nuclear repulsion V nn is represented by the last term of equation 8.3 

(8 - 9) 

where r AB is the distance between the nuclei of atoms A and B. 

One way of phrasing the Pauli exclusion principle is the requirement that the 
electronic state wavefunction <I> be antisymmetric with respect to the interchange 
of any two electron coordinates. For example, 


<H2, 1,3,..., AO = -<*>(1, 2, 3,..., AO 


( 8 . 10 ) 


Within the framework of molecular orbital theory, the simplest wavefunction satis- 
fying this antisymmetric property is the determinant constructed from all the 
occupied MOs known as the Slater determinant. As an example, we will consider 
a 2 n electron closed-shell molecule that has doubly occupied levels M M M • • • > 
as in 8.2. The functions describing up-spin and down-spin character of an elec- 

— *n + 2 

— *„+, 


++ V, 


tron y are written as a(y) and 0(y), respectively, and satisfy the orthonormality 
relationship 

Jo(m) a 00 ds M = <a(h)l «(h)> = 1 

Jp(m)0(m)*m s <0(m)I 0G*» = 1 ( g - n ) 

J~a(y) P(u) = <a(y)l(3(y)) = 0 
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The up-spin and down-spin wavefunctions for electron y in an MO i/',- are given by 
the products \pi(y)a(y) and '/'/000(h), respectively. For the purpose of simplicity, 
we write these as 

ih00«00 s ih00 

\p i (y)P(y) = \l/ i (y) 

The Slater determinant ‘b for the electron configuration 8.2 is then given by 

MI) M2) M3) M 2») 

Ml) M2) M3) ••• M2n) 

MO M2) M 3 ) M2«) 

MO M2) $ a (3) ••• M2«) (»- 13 ) 

MO M 2) M3) M2«) 

MO M2) M3) ••• ^n(2«) 

H <JM0M2)M3)M4) ■ • ■ M?« - 1)M2«) (8.14) 

where 3 is an antisymmetrizing operator. 

8.3. THE FOCK OPERATOR 1 

We quote the following result without proof or further discussion. When applied 
to the state wavefunction <b, the variation principle leads to the Fock equation 

Ftp,- = e^i (8.15) 

where F, the Fock operator, controls the form of the MOs i //,• and their “orbital 
energies” e { and is the effective one-electron Hamiltonian H eff for the configura- 
tion 8.2. Since F and i//,- depend only upon the coordinate of a single electron, 
equation 8.15 may be written as 

F(M)Mh) = e«MM) ( 8 - 16 ) 

where y = 1,2, 3, . . . , 2 n. 

The Fock operator is made up of three terms. The first is a one-electron term 
describing the core potential and the other two are two-electron terms which con- 
tain the electron-electron repulsion energies. For an electron y located in the MO 
i/'z, the core potential, namely the kinetic plus nuclear-electron attraction energies, 
is given by the expectation value of the core-Hamiltonian h(y) 

hi = Ji Pi(y)h(y)^ i (y)dT tl 

= <'^i(y)\h(y)\'Pi(y))=<'lJi\h\\Pi) (8.17) 

For two electrons y and v (yj=v) accommodated in the MOs i //,- and i pf, respec- 
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tively, the two-electron terms are the Coulomb repulsion Jy and the exchange re- 
pulsion K,j energies. 

j = (piMhMW)*M dTitdTv 

11 JJ r fIV 

= Wiin) MW (8 - 18) 

K = | yui*)*wM»)M v ± dTiidTv 

11 JJ r HV 

= w,(ji) 4i f Qi)\M») MW s (.hM*iM (819) 

From these definitions, it follows that K ll =J„. Also note that the Coulomb re- 
pulsion between two electrons is independent of their spins while the exchange 
repulsion vanishes unless their spins are the same. Jy is repulsive (i c positive) 
and represents the electrostatic repulsion between electron n in orbital '/'/and elec- 
tron v in orbital \pi. It increases as the overlap between i //,• and i /// increases. In other 
words, the closer the electrons are the larger their mutual repulsion. The exchange 
integral arises purely as a result of the expansion of equation 8.13, that is, the re- 
quirement that the state wavefunction be antisymmetric with respect to electron 
exchange. Notice that the integrand of equation 8.19 involves the exchange of two 
electrons compared to equation 8.1 8; hence its name. Ky represents, in a sense, a 
correction to the Coulomb repulsion term Jy for the case of two electrons wit 
parallel spins. When the electron spins are parallel then, in another phrasing of the 
Pauli principle, they cannot occupy the same region of space. The exchange repul- 
sion, therefore, has no classical analog. Although intrinsically positive, it is sub- 
tracted from Coulomb repulsion to give the total electron-electron energy. It is 
important to realize that with the inclusion of Ky we are not correlating the mo- 
tions of the electrons. Electrons of opposite spins are still allowed to move com- 
pletely independent of one another. ^ 

In order to specify the Fock operator F, itself, we introduce the Coulomb opera- 
tor Jj and the exchange operator Kj for an electron in the MO )//. 

^ (m) ^<(m) = ( ( m) (8 ‘ 20) 

kjin) = ( J V/( ^' ~ *•) M& (8 - 21) 

Then the integrals Jy and Ky are simply the expectation values of the operators 
J/(n) and Kj(n) (sec equations 8.18 and 8.19), 
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jy = J'J'i(u)J/(u) 'bi(v)dT li 

s<*,G0$G0I*/(m)> (8-22) 

A, y = Jtl'/ftx) kj(ix) <p t (n) 

(8 -23) 

In terms of h(n),J(n), and ATy(/i), the Fock operator F(n) for 8.2 is written as 

F(n) = h(n) + t f 2 -//(F) - k,(n)} (8.24) 

or, simply, 

F = h+'jr (2Jj - K,) (8.25) 

/= i 

8.4. STATE ENERGY 

The orbital energy e t for the ith level of the electron configuration 8.2 is the ex- 
pectation value of the Fock operator 

e, = <«/',!%/> (8.26) 

Using equation 8.25, 

e ; = (\pi\h\\pi) + Pi | Xj (2 •// - kj) i 

= h i +£(2J ij -Ky) (8.27) 

M 

Thus an electron in one of the occupied MOs i //,- (i* 1, 2, 3, ... , n) feels the core 
potential //,- as well as the electron-electron repulsion arising from the presence of 
other electrons. The Fock operator F, though determined only in terms of the 
occupied MOs, determines the energy of both the occupied and the unoccupied 
levels. As will be shown in the next section, the orbital energy e r - of an unoccupied 
MO i //,- (/ = «+ 1, // + 2, . . .) refers to the potential that an extra electron feels if 
it were placed in that orbital. 

The total electron-electron repulsion V ee in 8.2 is given by 

V ee=tt (2 J 9 - *//) 

i=l /=> 


(8.28) 
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Thus the total energy E of the configuration 8.2 is simply 

E= £ 2h,*V ee + V m (8-29) 

/=! 

Combining equations 8.27 and 8.29, 

£=£ 2e,-V ee + V nn (8-30) 

i=i 

The sum of the first two terms in equation 8.30 is the electronic energy. Note that 
the total energy is not equal to the sum of all the occupied orbital energies. How- 
ever, importantly it may be shown that 2 

~V ee + V nn — \E (8-31) 

and so 

F.^\ t 2e ‘ (832) 

i=i 

This relationship, though approximate, justifies in part the use of orbital energy 
changes alone in discussing molecular structure and reactivity problems. 


8.5. EXCITATION ENERGY 

The electron configuration 8.2 is a typical closed shell, in which all the occupied 
MOs are doubly filled. Let us examine the stability of such a state with respect 
to those states in which some of the high lying occupied MOs are singly tilled, lo 
simplify our discussion, consider the various electronic configurations shown in 8.3 

e 2 ,* 2 — *+■ *+■ ^ 

8 . 3 

• , , -H *4- -tr -4- — 


which result from a simple two-orbital-two-electron case. In the following, the MOs 
ip, and ip 2 are to be determined from the eigenvalue equation associated with the 
singlet ground state configuration <1> G 


H4>g = Eg$g 


(833) 


where 


1 i (1) ^i(2) 


, * [ ^ 1 (i)$ 1 (2)-^ l (l) ^.(2)] (8.34) 

V2 $,(1) ip i (2) 


and the energy E G is given by 
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E 0 =<* G \H\<t>o> (8-35) 

Application of the variation principle to equation 8.35 leads to the Fock equation 

Fipt = e l ip i (/ = 1,2) (8.36) 

where 

F = h+2J,-K l (8.37) 

/S A 

Note that the MOs ip, (/' =1,2) are determined if F is known, but F is defined in 
terms of the occupied MO ip, (via J, and A',) that is yet to be determined. This 
problem is solved by the method of self-consistent field (SCF) iteration: In the first 
cycle of iteration, a trial MO ip, is assumed to obtain Eq * and F^'\ In the second 
cycle of iteration, we solve equation 8.36 for F ( '^ to find new MOs (/ = 1 , 2) 
and use ip (2) to generate E ^ and F (2 \ In the third cycle of iteration, equation 8.36 
is solved for F< 2 > to obtain new MOs i p (2) (i = 1,2) and hence E ( c p and F t - 3 \ If 
such an iteration is repeated n times, the state energies at various cycles of iteration 
satisfy the following relationship 3 

E^ ) >E < c ) >--’>E ( q- i) >e{ fi (8.38) 

due to the variation principle. Wlien the energy difference between the last two 
iterations is negligibly small, the SCF iteration is said to be converged after n itera- 
tions. In such a case no further iteration could improve the wavefunction. In our 
discussion, the MOs ipj and the orbital energies e,- (i = 1 , 2) are assumed to be those 
determined from a converged SCF iteration for the state <I> G . 

From equation 8.27 the orbital energies C] and e 2 are given by 

e, = <ip,\h + 2J, - K,\iP,> = h, + 2J il - K„ =/», +J„ (8.39) 

e 2 = (ip 2 \h+2J, - K,\ip 2 ) = h 2 + 2J, 2 - K, 2 (8.40) 

Thus e , is the effective potential exerted on an electron in the MO i p, of <I> G . If 
an extra electron is placed in the MO ip 2 of <I> G , that electron would feel the effec- 
tive potential given by e 2 . In all the electronic states of 8.3, the molecular geometry 
is assumed to be the same so that the relative stability of those states can be exam- 
ined by simply comparing their electronic energies. 

The electronic energies of the singlet ground state <1> G and the triplet state 'by- 
are determined by the form of the wavefunctions. The expressions of 4> G and <by 
are given by equations 8.34 and 8.41 , respectively. 

1 i/'iO) ^ 1 ( 2 ) 1 

*T—W “4ft*. (1)^(2) -* 2 (l)!h(2)] (8.41) 

V2 * a (l) ip 2 (2) VI 

A bit of arithmetic leads to the form of the energies 
£ G = <4> G |//|<I> G > 

= 2h, + J,, = 2e, - J n 
E r = <<l>7-|/f |4>7-> 

= h, + h 2 +J, 2 ~ k, 2 = e, + c 2 ~ J,, ~ J, 2 


(8.42) 

(8.43) 
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The electronic energies of the configurations <i>, and 4> 2 are the same and are evalu- 
ated in an analogous way via a knowledge of the state functions 

1 *.0) *i<2) a .-L rWl (l)^(2)-^(l)*i(2)] 

V 2 $ 2 ( 1 ) * a ( 2 ) V 2 ( 8 . 44 ) 

1 ^. 0 ) ^.( 2 ) = l [h(1)M2 )-t 2 (l)ji(2)} 

V2 * a (l) ip 2 (2) V 2 

which leads to 

= E 2 = (<P 2 

= h, +h 2 +Ji2 = e x +e 2 -Jn -Jn + Ki* (8.45) 

Unlike the states <I> C and <t> r , however, the configurations *, and ^ are not eigen- 
functions of the so-called total spin angular momentum operator S . The singlet 
excited state <I> S is given by the linear combination 

(846) 

a function which does satisfy this requirement. From equation 8.44 it is easy to 
show the relationship 

<<I>i|//|‘l> 2 > = -(tf'itJ'alll'i'J'a)® - ^*n (8 ' 47) 

which leads to the electronic energy of the singlet excited state <\> s 
E s = <*s\H\* S ) 

= /z, +/i 2 +y 12 + K 12 = e 1 +e 2 -J n -Ji2 + 2Ki2 (8-48) 

One state wavefunction describing the triply degenerate triplet state is given by 
equation 8.41 , and the other two arc as follows: 

*-1 * l0) * ,(2) =— J=[^(l)j 2 (2)-^(1)^.(2)] (8.49) 

V2 ^ 2 (i) \p 2 ( 2 ) V 2 

•3— + (8 ‘ 50) 

The MOs ip 1 and p 2 are occupied by up-spin electrons in <t> T , but by down-spin 
electrons in $' T . It can be easily shown that the electronic energy of <I> r or 4> r is 
the same as that of <I> r . 

E t = <4> r |//|<hr> = l*r> = <*f I# l*r> ( 851 ) 

Collecting the above results together, 


Ej- - Eg ~ ( g 2 ~ e i) ^12 

Eg ~ Et~ 2K l2 


(8.52) 
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Consequently, if (e 2 - e,) - J i2 > 0, the relative stability of the ground, the triplet, 
and the singlet excited states is given as in 8.4. Thus, with electron-electron repul- 
sion explicitly taken into consideration, the excitation energy is not simply given 
by the orbital energy difference (e 2 - e,). Since K l2 >0, the triplet state is always 
more stable than the singlet excited state. 
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The ionization potential (IP) and the electron affinity (EA) of a molecule M are de- 
fined as the energies required for the ionization processes 


M — ► vW* + IP 

M~ — ► M + e~, EA 


(8.53) 


As indicated in 8.5. we may construct the cation state <I> + and the anion state <1>. by 


8.5 

+, -4- +, 4*- 


*+ 4>_ 

using the MOs ip t and ip 2 obtained from the ground state <I> G . The electronic ener- 
gies of those ionic states are evaluated via construction of the state wavefunctions 
using equation 8.13. 4> + = i//,(l), but to get 4>_ requires evaluation of the determi- 
nant made up of the MOs 1 p It tp ly and 1 p 2 . We find 

£ + = <4> + |//|<t> + > = /t,=e, -7n (8.54) 

E. =<<!>_ |//|<t>_> 

= 2/i, + h 2 +J\ \ + 2Ji2 ~ K,2 
= 2e, + e 2 ~ J\\ (8.55) 

and, combined with equation 8.42, 

E* - Eg = -e, = IP 


(8.56) 
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E g -E. = -e 2 = EA (8.57) 

In general, for the electron configuration 8.2, the ionization potential asso- 
ciated with an electron removal from an occupied MO >pi 0 = 1, 2, 3, . . . ,n) is given 
by -e t . This is known as Koopmans’ theorem. 5 The energy of an unoccupied MO V/,- 
(/ = n + 1 , n + 2, . . .) refers to the potential exerted on an extra electron placed in 
that orbital. Thus the electron affinity of removing such an electron in an unoccu- 
pied MO <//, (/ = n + 1 , n + 2, . . .) is given by -e,. These simple results are obtained 
because of the implicit assumption that the electrons not involved in the ionization 
process are not perturbed. Neither does the molecular geometry relax in the ionic 
states. Photoclcctron spectroscopy (Section 7.5) yields experimental values of the 
ionization potentials associated with each occupied MO. Thus Koopmans' theorem 
provides a direct comparison between theory and experiment, although its applica- 
bility is limited because of the assumption employed to obtain it. 

8.7. ELECTRON DENSITY DISTRIBUTION AND THE 
MAGNITUDES OF COULOMB AND EXCHANGE REPULSIONS 

We noted in Section 8.3 that, for two MOs i //,- and i <//, there are two kinds ol 
electron-electron repulsions to consider, namely the Coulomb repulsion Jg and the 
exchange repulsion Kg. The electron density distributions associated with i //,• and 
are given by i //,«//, and fyfy, respectively. As noted above these electron densities 
lead to J,f (equation 8.18). On the other hand, it is the overlap density distribution 
4/^1 that defines Kg (equation 8.19). 

The magnitude of K (j is therefore small unless the overlap density i M/ is lar 8 e - 
in some region of space. Consider for example the two p orbitals \I/ a and i l> b ar- 
ranged perpendicular to each other as shown in 8.6. Since the large amplitude re- 
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gion of i// a does not coincide with that of \p b , the overlap density i^ 6 is small in 
all regions compared with the “diagonal” density ip a \ p a or \p b \p b . Thus in 8.6, the 
exchange repulsion K i2 is substantially smaller than the Coulomb repulsion J x2 . 
Given two MOs i//,- and \p jy the magnitudes of./;/ and Kg will satisfy the relationship 

J, l >K i j>0 (8-58) 

where the equality Jg = Kg arises when \p t and i pj are identical. 

Another example that illustrates the effect of the overlap density «//,-» p, upon the 
magnitude of Kg involves two conjugated hydrocarbons. Listed in Table 8.1 are the 
experimental values of the first ionization potential (IP), the electron affinity (EA), 
the first singlet excitation energy (E s - E G ), and the first triplet excitation energy 
( e t - E g ) for azulene 8.7 and anthracene 8.8. 6 For simplicity of notation, the 
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TABLE 8.1. The Ionization Potentials, 
Electron Affinities, and Excitation Energies 
of Azulene and Anthracene 


Quantity" 

Molecule 

Azulene 

Anthracene 

IP 

7.4 

7.4 

EA 

0.7 

0.6 

e s -e g 

1.8 

3.3 

Et ~ e g 

1.3 

1.8 

Jl 2 

5.4 

5.0 

A',, 

0.25 

0.75 


"All the quantities are given in electron volts. 


HOMO and LUMO of 8.7 and 8.8 are denoted by the subscripts 1 and 2, respec- 
tively. According to Koopmans’ theorem, the IP and EA values of 8.7 and 8.8 are 
related to their HOMO and LUMO energies as 


<? 2 = -EA 
e, = -IP 


(8.59) 


Despite the fact that the HOMO and LUMO energies of the two molecules arc vir- 
tually identical, azulene is blue but anthracene is colorless (i .c.,E s E G = 1 .8 and 
3.3 cV for 8.7 and 8.8, respectively). To explore the cause of this difference we 



8.7 8.8 

note from equations 8.42 and 8.48 that the singlet excitation energy is given by 

Eg ~ E g = e 2 - Ci - / 12 + 2K i2 (8.60) 

In addition, the magnitudes of/ 12 and A 12 are estimated as follows: 

J\i = e 2 - e, - (E t - E G ) = -EA + IP - ( E T - E G ) (8.61) 

Km = (E s - E t )/2 = (E S ~ E g )I2 - (E T - E G )1 2 (8.62) 

The y 12 and K l2 values derived in this way are listed in Table 8.1, which reveals 
that the J l2 values of azulene and anthracene are nearly the same. Therefore, the 
difference in the (E s E G ) values of the two molecules originates largely from the 
fact that the K , 2 value of azulene is substantially smaller than that of anthracene. 
Schematically depicted in 8.9 and 8.10 are the nodal properties of the HOMO and 
LUMO of the two molecules. They show that the large amplitude regions of the 
HOMO coincide with those of the LUMO in anthracene, while this is not the case 
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for azulene. Therefore, the overlap density 1 // 1 1 // 2 of azulene is small in most regions, 
compared with that of anthracene. This leads to an exchange repulsion K 12 smaller 
for azulene than for anthracene. 6 

8.8. LOW VS. HIGH SPIN STATES 

According to 8.4, the triplet state <l> r may become more stable than the singlet 
ground state 4> 0 , if (e 2 - e,) - J i2 <0, that is, when the orbital energy difference 
(e 2 " Ci) is small compared with the Coulomb repulsion J l2 . Using equations 8.39 
and 8.40, this may be expressed in terms of the difference in the core potentials 

E t ~ Eg ~ 0 , 2 ~ ^ 1 ) - J 11 + ^12 ” Km 

where we have approximated the energy difference by making use of the relation- 
ship J l2 >K l2 . This shows that the high spin state <h r becomes more stable than 
the low spin state <I> G , when the core-potential difference (h 2 - h,) is smaller than 
the electron-electron repulsion J, 1 resulting from the orbital double occupancy 
(i.e., electron pairing) in When the MOs i//j and \p 2 arc degenerate, ( h 2 - h,) 
vanishes, so that the high spin is more stable than the low spin state. Tins is a special 
case of Hund’s first rule, that out of a collection of atomic states, the one with the 
highest spin multiplicity lies lowest in energy. It means in the molecular case, for 
example, that the lowest energy (or ground) electronic state of the oxygen molecule 
with the configuration (Itt*) 2 of Figure 6.3 will be a triplet, paramagnetic molecule. 

In Sections 7.1 and 7.2, the MOs of linear and bent AH 2 were developed. There 
are six valence electrons in CH 2 and so the n u set is half-filled in a linear geometry. 
At a bent geometry 2a, is the HOMO and b , is the LUMO for the ground singlet 
state. The energy gap between the 2a , and b, levels is strongly dependent on the 
HCH angle, as can be seen from Figure 7.1. For reasons discussed in Section 7.3 
the 2 a, orbital is stabilized as the HCH angle decreases and b , remains at constant 
energy. Therefore, in the triplet state for CH 2 where b, and 2a, are singly occupied, 
some of the driving force for bending is lost. Based upon this orbital rationale, it is 
expected that the triplet state of CH 2 should be less bent than its singlet analog. 
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The result of an ab initio calculation on several electronic states of CH 2 is discussed 
in Section 8.10. The relative stability of various electronic states as a function of 
molecular geometry is a general problem approachable only by direct calculation. 
Given a pair of degenerate levels and two electrons at the level of discussion here, 
the triplet state is always more stable than the singlet . Whether there is some other 
lower energy structure where this degeneracy is removed, and a singlet state lies 
lowest in energy (8.11), is difficult to probe qualitatively. 


singlet 



distortion distortion 


orbitol energies state energies 

8.11 

8.9. ELECTRON-ELECTRON REPULSION AND 
CHARGED SPECIES 

As already noted, an important part of the orbital energy arises from electron- 
electron repulsion. The effective potential for an electron in the MO 1 p, of '!>, 
(8.5), e|, is given by 

e+, =hi=e,-J u <e, (8.64) 

where e , is the effective potential for an electron in the MO 1 jj, of <1> G (8.3). Thus, 
removal of an electron lowers the orbital energy, or equivalently, addition of an 
electron raises the orbital energy. 

As an indication of the importance of charge on the energy levels of molecules, 
we look at the variation in carbonyl stretching vibrational frequencies in the series 
Mn(CO)£, Cr(C0) 6 , and V(CO)«. All are low spin d b isoelectronic molecules. The 
orbital details of the attachment of the carbon monoxide ligand to a transition 
metal are reserved for Section 15.1, but an important part is played by the accep- 
tor behavior of the carbonyl 71*0 level (8.12). The more important donation from 
metal d to carbonyl jt* 0 , the lower the carbonyl vibrational frequency. The mix- 
ing between these two sets of orbitals is intimately linked to their energy separa- 
tion, Ae. If we imagine assembling one of these carbonyls from M 1 (or M) and six 
CO, then the carbonyl levels will remain fixed in energy for all members of this 
series, but the location of the metal levels will depend upon the charge. From what 


124 STATE WAVEF UNCTIONS AND STATE ENERGIES 


carbonyl ir* 



As 8.12 


metal d 

wc have said above, their energy will decrease in the order | 7/ mm (M )| > | II^(M)\> 
1/7 (M')| leading to Ac values which decrease in the same order. Metal a -» "co 
donation will then increase in the order M + < M < M* and the negative ion should 
have the lowest vibrational frequency. Experimentally Mn(CO) 6 . Cr(CO) 6 , and 
V(CO)< have vibrational frequencies (f, u ) of 2094, 1984, and 1843 cm , respec- 
tively. 7 A similar effect is seen upon reduction of the organometalhc molecule, 
Co 2 (t? 5 C 5 Me 5 ) 2 (/i - CO) 2 . 8 One electron enters the b 2 orbital of 8.13, a level 




which is metal-metal antibonding but which contains no CO character. On reduc- 
tion the Co-Co distance accordingly increases by 0.034 A. However, this is accom- 
panied by a decrease in the Co-CO bond length of 0.024 A. Clearly, a simple one- 
electron orbital picture will not rationalize this result. What happens in fact is that 
the metal-located levels rise in energy on addition of the extra electron, and inter- 
action with the 7Tco levels increases as the energy separation Ae (of 8.12) decreases. 
This leads to a contraction of the Co-CO distance and a decrease in the CO stretch- 
ing vibrational frequencies of about 80 cm' 1 . 

Orbital energy also depends upon core potential. The HOMOs of H 2 0 and HO 
are oxygen 2 p orbitals as shown in 8.14. The HOMO of HO is raised with respect 
to that of H 2 0, due to the loss of an atom that provides attractive potential. As a 
result, OH* is more basic and nucleophilic. 

4 
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CONFIGURATION INTERACTION 9 


So far it has been implicitly assumed that each electronic state of a molecule is 
represented by a single configuration (i.e., Slater determinant). In general, an elec- 
tronic state of a molecule is better described if a linear combination of many con- 
figurations is used as its state wavefunction. Physically this process provides the 
dynamic correlation of electrons, not allowed for in a single determinant wavefunc- 
tion. Because electrons repel each other electrostatically, there will be a tendency 
for them to stay apart even though their spins are different. In other words, we 
need to correct for the assumption, employed so far, that each electron moves inde- 
pendently of all the electrons in the average field provided by them. As an example, 
consider two electron configurations <h M and <1>„ which are orthonormal, that is, 


< < *Vl'V = = 1 

= 0 

so that their expectation values are given by 

E u = <<hJ//|<V 


(8.65) 


( 8 . 66 ) 


Assuming that the interaction energy between <I> M and <(>„ is nonzero, 

configuration interaction (Cl) wavefunctions 'I'p 1 (7=1, 2) may be written as 

= c. ,-<!>„ (8.67) 

We demand these Cl wavefunctions to be normalized to unity (i.e., <'Pp‘|'I'P> = 1) 
and also to be eigenfunctions of the molecular Hamiltonian H: 

HVf 1 = E c\yCi ( 8 . 68 ) 

Then the state energies Ef 1 (/ = 1 , 2) are determined by solving the secular equation 


E u -Ef l <4> m |//|$„> 
E„-Ef l 


(8.69) 


in an exactly analogous way to the generation of MOs from atomic orbitals in Sec- 
tion 1.3. 

As a practical example of Cl wavefunctions, let us consider how to improve the 
singlet ground state <I> G of 8.3. The obvious question is to determine what config- 
urations can mix into 4> G . First, we examine the interaction between <h G and <h|. 
Note that the MOs used in constructing ‘hj are obtained from a closed-shell config- 
uration <h G , and <I>, differs from <1> G only in one MO. In such a case the interaction 
<<h G |//|<l>,> vanishes, a result known as Brillouin’s theorem. 1 0 This can be shown as 
follows: 

<4> g |^|«& 1 >=<^ 1 |A|^ 2 >-f(^ 1 ^ 1 |^ i ^ 2 ) 

= <i//,|/j|^ 2 > + <i|/,|y 1 |\!/ 2 > 


(8.70) 
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Because of the relationship. 


equation 8.70 can be rewritten as 

(<I> G |7/| < f > i> = <^ 1 W» + 2 J\ ~ K\\'Pi'> 

= <»MF|ih> = e 2 <* 1 |i/'2> = 0 ( 8 - 72 ) 

Similarly <«h G |//|<I> 2 > = 0. Tlius the singlet excited configuration <F S (equation 
8.46) cannot mix into 4> G . The only configuration of 8.3 that can mix with «1» G is 
the doubly excited configuration since 

<<1> G | I'M = (t 1 = k \2 > 0 ^ 8 - 73 ) 

Therefore, the Cl wavefunction 'Fp (/ = 1 , 2) may be written as 

= £,/$<; + c 2 /‘I > E (874) 

and the state energies E? (/ = 1,2) of these Cl wavefunctions M'P are obtained 
from 


e g -e? K l2 =o 
k 12 e e -e P 


(8.75) 


Without loss of generality, it may be assumed that £'P <E p. Tlicn if the energy 
difference between <F G and <\> E is substantially greater than the interaction energy 
K l2 between them, we obtain the following results 



E 


Cl 

i 


— E G + 


E g -E e 


(8.76) 


Thus E? is lower in energy than £- G , and a better description of the singlet ground 
state is given by T'P, the leading configuration of which is <F G . In , <1 >e mixes 
into <F G with a negative mixing coefficient, since the interaction energy <<1> G | H\^ E ) = 
K X2 is positive. 

For qualitative discussions of chemical problems, one of the most importani uses 
of Cl wavefunctions arises when we deal with potential energy surfaces for chemi- 
cal reactions. Let us suppose that the MOs \p i and \p 2 in 8.3 are functions ot a reac- 
tion coordinate q as shown in Figure 8.1a, and the symmetry properties oi these 
MOs are different throughout the reaction coordinate. Thus Figure 8.1a is a typical 
example of a symmetry-forbidden thermal reaction. To make our example more 
concrete, ij/, and i p 2 of Figure 8.1a might be considered as, for example, <p 2 and </s 3 
of Figure 5.8 which describes one geometrical possibility for the H 2 /D 2 exchange 
reaction. The energies of the states resulting from the configurations (^i)’ and 
(\p 2 ) 2 (i.e., $ G and <b E , respectively) vary as shown by the dashed lines in Figure 
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a) b) 



FIGURE 8.1 . Orbital and slate energy correlation diagrams of a typical symmetry-forbidden 
thermal reaction, where q refers to an appropriate reaction coordinate: (a) orbital energy and 
(b) state energy. 


8.1b. The energies of the Cl wavefunctions 'Ll ’ 1 and 'I'P, which are obtained by 
solving equation 8.75, behave as shown by the solid lines. This is another example 
of the noncrossing rule discussed in Section 4.7. The symmetry-forbidden nature 
of the reaction is indicated by the presence of a barrier between reactant and prod- 
uct in the potential energy surface for the stale ’J'l ‘. 

We note that near the reactant site where E G <E e , 'I'P is given by 

<1 >E (8- 77 ) 

At the transition state where E G = E e> 'I'P is expressed as 


*P 


Q’g ~ 

V2 


(8.78) 


Finally, near the product site where E e <E g , 'I'P is written as 


'FP = &E + 


E F -Er 


(8.79) 


Consequently, the new wavefunction 'FP provides a continuous transformation 
from a wavefunction predominantly <I> G to one predominantly '!>/.- in character as 
the reaction proceeds. Another place where configuration interaction is important 
is in looking at processes where bonds are made or broken, or just even stretched 
as in the transition states of many chemical reactions. 8.15 shows how the bonding 
and antibonding levels of H 2 become closer in energy as the internuclear distance 
is increased. 8.16 shows how the two electronic states <T> G = (i/m) 2 and <I>£ = ( [\p 2 ) 2 
become closer in energy as a result and hence how configuration interaction be- 
comes increasingly important. 
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8.16 


As a practical example of configuration interaction, let us examine the result of 
an ah initio calculation on carbene CH 2 summarized in Figure 8.2." An orbital 
description of the configurations leading to those states of Figure 8.2 is given in 
8.17 for bent CH 2 and in 8.18 for linear CH 2 . For simplicity, other low-lying filled 
levels are not shown, and the Slater determinants resulting from the various elec- 
tron configurations are denoted by parentheses. At any nonlinear geometry there 
are two states of X A X symmetry. The upper state mixes into the lower one stabiliz- 
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ing the latter, and this in turn complicates the task of evaluating the singlet-triplet 
energy difference. For linear CH 2 , each of the and *A g states is represented by 
a linear combination of two configurations of identical energy. It is not obvious 
from the orbital representations of 8.18 why the two components of the 'A g state 
should be the same in energy. Let us represent the two atomic p orbitals of 8.18 by 
0 a and 0 6 . Then it can be easily shown that the electronic energy of the upper ‘A„ 
is given by 


EC* g ) = 2h a +J aa -K ab 

(8.80) 

while that of the lower state is given by 


E('A g ) = 2h a+ J ab+ K ab 

(8.81) 


In deriving equations 8.80 and 8.81, we employed the relationships that h b = h a . 



104 * 133 * 144 * 180 ° 


H C H Angle 

FIGURE 8.2. Calculated state energies of carbene CH 2 as a function of the HCH valence angle. 
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and J bb = J aa . Consequently, the degeneracy of the two '& g states requires that 

Jaa- K ab =J ab +Kab < 8 - 82 > 

Tliis is the case, 12 although we will not show the proof. 

Figure 8.2 shows that the state has an optimum HCH angle in the same 
region as the 3 B, state, while the molecule in these two states is significantly less 
bent than that in the lower 'A , state. It is easy to understand this observation based 
upon the Walsh diagram for AH 2 shown in Figure 7.3. In both 'B, and states, 
the 2fli and />, orbitals are singly occupied. On the other hand, the lower 'A , state 
is dominated by the configuration that has the 2 a { level doubly occupied but the 
b t level empty. As noted in Figure 7.3 the 2 a x level is lowered upon bending but 
the b\ level is energetically invariant to bending. In general, those systems which 
have two closely spaced orbitals of different symmetry but only two electrons in 
them are referred to as diradicals. 13 Without elaborate calculations it is not possible 
to predict whether the ground electronic state of a diradical will be a singlet or 
triplet, but we can establish trends using the singlet-triplet energy differences 
from Walsh diagrams and a detailed knowledge of how orbitals are perturbed dur- 
ing geometrical distortion. In Section 7.4A we discussed why the HAH valence 
angle of H 2 S is smaller than that of H 2 0. As the HAH angle decreases, the stabiliza- 
tion of the 2 a, level is greater for 1I 2 S than H 2 0. Similarly, with respect to a linear 
geometry, the 'At state is stabilized more for SiHj than CH 2 . In fact, for SiH 2 . the 
'A, state is calculated to be approximately 4.6 keal/mol more stable than the 
state. 14 For a quantitative or even semiquantitativc understanding of diradical sys- 
tems, configuration interaction is of vital importance. The H 2 /D 2 exchange, rect- 
angular vs. square planar cyclobutadicne, Cr(CO) s , and Fe(C0) 4 dynamics arc all 
diradical situations. What we have learned from CH 2 is applicable to all of them. 
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CHAPTER NINE 


Molecular Orbitals of 
Small Building Blocks 


9.1. MO’S FROM BOND ORBITALS 

In Section 7.5 we found it convenient to construct the MOsof AH 2 by symmetry 
adaptation of bond orbitals. This analysis can easily be extended to other systems. 
Some bond orbitals may already transform as an irreducible representation of the 
molecular point group. It is usually only degenerate bond orbitals that require 
symmetry adaptation in constructing MOs. In the following we will first derive the 
MOs of AH, pyramidal AH 3 , and tetrahedral AH 4 based upon the appropriate or- 
bital interaction diagrams, and then analyze those MOs in terms of bond orbitals. 
As in 7.4b, the hydrogen s orbital may be assumed to lie energetically in between 
the s and p orbitals of A. For convenience, the bond orbitals of AH, AH 3 , and AH 4 
may be constructed by assuming sp 3 hybridization on A. 

A. AH 

The interaction diagram for the orbitals of A and H is shown in Figure 9.1 . The p x 
and p y orbitals of A do not overlap with the hydrogen s orbital, and so become the 
n x and n y nonbonding orbitals (9.1) of AH, respectively. According to the perturba- 
tion treatment of Chapter 3, c A h , n a , and o % H are derived as shown in 9.2. In this 
MO description, the second-order orbital mixing represented by brackets is essential 
for creating the orbital hybridization on A. 

The bond orbitals of AH which result from combining the sp 3 hybrid orbitals of 
A with a hydrogen s orbital are shown in Figure 9.2. One sp 3 hybrid orbital inter- 
acts with hydrogen s to form the o AH and o AH levels, and the remaining three 


131 



132 


MOLECULAR ORBITALS OF SMALL BUILDING BLOCKS 


H H A A 

X 

u 



FIGURE 9.1 . An orbital interaction diagram for AH. 


hybrid orbitals become nonbonding orbitals on A. Note that the bond orbitals o.\H 
and a* „ are already symmetry adapted (i.e., transform as one of the irreducible 
representations of the C-„ point group), and thus are similar in character to the cor- 
responding MOs. The three sp 3 nonbonding orbitals of A arc not symmetry adapted 
in this sense, but a linear combination of them may be constructed as described 
in Section 5.2 to produce a set of symmetry-adapted MOs. Let us recall the vector 
decomposition of a hybrid orbital as exemplified in 9.3, and, for convenience of a 

H H — A a 





FIGURE 9.2. An orbital interaction diagram for AH in the bond orbital approach. 



graphical presentation, let us represent a hybrid orbital by showing only the large 
front lobe (9.4). Then the MOs n x , n y , and n„ may be approximated by the three 
sp 3 nonbonding orbitals as shown in 9.5. Consequently, the bond orbitals and MOs 
of AH are correlated as indicated in 9.6. Notice the splitting of the three sp 3 hybrid 
orbitals into a degenerate pair and a single nondegenerate orbital, a result demanded 
by group theory. 

B. PYRAMIDAL AH 3 

The interaction between the orbitals of H 3 and A shown in Figure 9.3 gives rise to 
the MOs of pyramidal AH, shown in 9.7. The le x and 2e x orbitals are the in-phase 
and out-of-phase combinations of e x and p x , respectively. Likewise, le y and 2e y 
are the analogous in-phase and out-of-phase combinations of e y andp y , respectively. 
The la, , 2 a , , and 3a, orbitals are slightly more complicated and can be derived 
from Figure 9.3 as shown in 9.8. Notice that an ideal pattern exists for the three a, 
MOs we saw for AH 2 (7.5), AH (9.2), and AH 3 (9.8). The lowest and highest MOs 
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FIGURE 9.3. An orbital interaction diagram for pyramidal AH 3 . 


of the three are always hybridized toward the hydrogcn(s). Thc n ^' * n0 ' ^ 0 ^ d 
ing MO is concentrated on A and hybridized away front the ltyd rogen(s). Tim ts a 
characteristic pattern that we will see again for the hypen/alent molecules m Chapter 
14 and the transition metal building blocks in Chapters 1 - ■ e " ever ^ 

ferent atomic orbitals on one center combine with an ensemble of hydrogen s or 
ligand o donor orbitals, a fully bonding combination at low energy and a fuUy anti- 
bonding combination at high energy is produced. A nonbondmg orb. ^1 at moderate 
energy is left behind which is hybridized away from the surrounding hydrogens (or 

ligands). 




A ♦ (cA6>) + 1 

c /h 6 > - ( A- ) + (-^) 1 <As !G| 

^ ' (cA©) * “ <8^® 
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FIGURE 9.4. An orbital interaction diagram for pyramidal AH 3 in the bond orbital approac . 

Formation of the bond orbitals of pyramidal AH, is shown in Figure 9.4. The 
bond orbitals o AH and a* A „ are not symmetry adapted since triply 
are not allowed in the C 3v point group. The main features of the MOs, la,, x. 
and le„ are well approximated by suitable linear combinations of the three o AH 
orbitals as in 9.9. Similarly, the MOs 3a. ,2e x , and 2e„ are “ < er ™ 

of the three a*» H orbitals as in 9.10. Thesp 3 nonbond.ng orbital is already symmetry 
adapted and similar in description to the 2a, MO except for the absence of hydrogen 
s character. We could build this in by allowing it to interact with la, and 3a, (9.9 
and 9.10, respectively) in a fashion that is similar to the way the lone pair and o or- 
bitals interacted after symmetry adaptation in the N 2 molecule (Section 7.6 >). 
energy of the nonbonding orbital does not change much by this extra orbital l 
ing and remains concentrated on A. The bond and molecular orbitals are correlated 

as shown in 9.1 1. 

Jy*e 1 A 
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C. TETRAHEDRAL AH 4 

The orbital interaction diagram between Il 4 and A is shown in Figure 9.5. The triply 
degenerate MOs of tetrahedral H 4 are an alternative representation of those shown 
in Figure 4.5 (see also 5.9). The orbital interaction diagram of Figure 9.5 leads to 
the MOs of tetrahedral AH 4 shown in 9.1 2. The a, , t 2x , t 2y , and t 2z orbitals of H 4 
combine in-phase (out-of-phase) with the s, p x ,p y , and p z orbitals of A to form the 
MOs la., 1 1 2 x , 1 ' 2 y , and 1 t 2z (2a. , 2t 2x , 2t 2y , and 2l 2z ), respectively. As for the 
bond orbitals, 9.13 shows that the four sp 3 hybrid orbitals of A interact with the 
hydrogen s orbitals to form four o AH and four o AH orbitals. Symmetry adaptation 
of the four o A „ bond orbitals directly leads to the la , , l/ 2x , 1 t 2y , and 1 t 2z MOs 
as indicated in 9.14. Similarly, the 2a , , 2 t 2x , 2 t 2y , and 2 t 2z MOs can be well ap- 
proximated by suitable linear combinations of the four ct ah orbitals. Thus the 
bond orbitals and MOs of tetrahedral AH 4 are correlated as shown in 9.1 5. 

With the MOs of tetrahedral H 4 chosen as in Figure 4.5, the MOs of AH 4 are 
given by 9.16. We note that the triply degenerate MOs l/ 2 or 2 1 2 of 9.16 can be 
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expressed as linear combinations of the corresponding MOs .of 9.12. Such linear 
combinations among a set of degenerate MOs do not lift the degeneracy as already 
pointed out in Section 7.5. There are many connections between the molecular or- 
bitals of the AH„ series. For example, in tetrahedral AH* the four atomic orbitals 
of A find a one-to-one match with the four orbitals of tetrahedral H„ . Consequently 
four bonding and four antibonding MOs are produced. One hydrogen atom can be 
removed from AH 4 to produce pyramidal AH 3 . Thus a 

on A is produced. The three bonding and three antibonding MOs of AH 3 find their 
counterparts that have an essentially identical composition in AH*. Llkew,se ’ in 
AH, two-hydrogen atoms have been removed which creates two A-centered non- 
bonding orbitals. In AH there are three A-centered nonbonding orbitals. 

9.2. SHAPES OF AH 3 SYSTEMS 14 

The MOs of trigonal planar AH 3 were already constructed by reference to the or- 
bitals of H 3 and A in Figure 4.4. During the course of the trigonal planar to py ramida 
(i.e., D 3h - C 3 „) distortion, the MO levels of AH 3 vary as shown in Figure 9.6. 
Here we have correlated the levels already derived for planar and pyramidal A 3 
units. Several trends in Figure 9.6 are immediately obvious. The la, level is stabil- 
ized slightly upon pyramidalization, since overlap between the hydrogen s orbitals 
increases. In the le' and 2e' levels, the magnitude of the overlap integral between 
the hydrogen s and p orbitals of A decreases upon pyramidalization. Recall that a 
similar situation occurred for the b 2 orbitals in AH 2 on bending (see Section 7.3). 
Thus the bonding le' set rises but the antibonding 2e set falls in energy. From 
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FIGURE 9.6. An orbilal interaction diagram for planar AH 3 . 


first-order energy considerations, we expect the 2 a\ level to go down in energy and 
o 2 to remain unchanged in energy. This clearly does not occur. Upon pyramidaliza- 
tion, both 2a,' and a 2 become orbitals of a, symmetry so that the two may mix to- 
gether. As a result 2a', is destabilized on pyramidalization and a 2 is stabilized. This 
orbital mixing will be examined in more detail below. We will now study the shapes 
and properties of AH 3 systems using the Walsh diagram of Figure 9.6. 

A. SIX-ELECTRON SYSTEMS 

Figure 9.6 shows that a six -electron AH 3 system such as CHJ and BH 3 should be 
planar. I he HOMO, le', of such a species is destabilized upon pyramidalization. 
The LUMO is the p orbital of A which lies perpendicular to the molecular plane. 
Such an empty orbital, concentrated on one atomic center, is a good electron ac- 
ceptor and is responsible for the Lewis acid character in boranes and carbonium 
ions. Let us consider a nucleophilic addition to a carbonium ion CH 3 by representing 
a nucleophile Nu: by a filled nonbonding hybrid orbital n 0 . Figure 9.7 shows how 
n a is stabilized, yielding the C-Nu bonding orbital o. The resultant a level is derived 
as in 9.17. If the hydrogen atoms distort away from the incoming nucleophile, 1 
antibonding between s components in the a,' orbitals and n„ is decreased. Further- 
more. bondmg between s components in the a[ orbitals and a" is increased. So as 
shown m 9. 1 8, the a orbital is further stabilized if the carbon configuration becomes 
tetrahedral. In a sense, the orbital interaction shown in Figure 9.7 serves to transfer 
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FIGURE 9.7. An orbital interaction diagram for the addition of a nucleophile to CH$. 


electron density from n a to «" a , which induces the geometrical response (see Figure 
9.6) of pyramidalization of the CH 3 moiety. 



It is of interest to consider the formation of diborane (BH 3 ) 2 , 9.1 9, in terms of 
the HOMO and LUMO of two BH 3 fragments. The most stable arrangement of two 
BH 3 units in the incipient stage of dimerization is given by 9.20, which maximizes 
the extent of the two HOMO-LUMO interactions 9.21. Note again that on dimeriza- 


H _ 

H * 


H 

/ \ 

H 


H H 

CV Q b> H 
h'7 O h / O 

H 


9.19 


9.20 


SHAPES OF AH 3 SYSTEMS 


143 



HOMO— LUMO LUMO — HOMO 


9.21 

tion a pyramidalization occurs at each BH 3 unit. This takes place via a mechanism 
exactly analogous to the one considered in Figure 9.7. Here electron transfer takes 
place from one component of the le' orbital (9.21). 

B. EIGHT-ELECTRON SYSTEMS 1 

Figure 9.6 shows that an eight-electron AH 3 system such as CH 3 or NH 3 should be 
pyramidal since the a 2 HOMO is markedly stabilized upon pyramidalization. The 
resultant HOMO in the new geometry (2a,) resembles an sp 3 nonbonding orbital, 
figure 9.8 shows the potential energy diagram for pyramidal inversion in an eight- 
electron AH 3 system. Upon decreasing the electronegativity of A, the pyramidal 
inversion barrier A inv increases and the HAH valence angle decreases. For instance, 
calculations show that the inversion barriers are 5.8, 30-36, and 46 keal/mol while 
the HAH angles are 106.7, 93.3, and 92.1° for NH 3 ,PH 3 , and AsH 3 , respectively. s " 7 
These observations are analogous to the corresponding one in eight electron AH 2 
systems, and may be rationalized in terms of 9.22. The geometry perturbation argu- 
ment of Chapter 7 shows that the HOMO 2a, of pyramidal AH 3 is given by 9.23. 
This orbital mixing stabilizes the 2a, level with respect to a 2 . The magnitude of the 
stabilization is inversely proportional to the energy gap, Ac, between the a 2 and 2 a\ 
levels. Thus, 

£i,w“<?(a 2 )-c’(2a 1 )°:-^- (9.1) 

For exactly the same reasons discussed in Section 7.4A, the a 2 and 2a,' levels of 
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coordinate 


FIGURE 9.8. A potential energy dia- 
gram for pyramidal inversion in an eight- 
electron AH 3 . 
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9.22 


;■% , - A + 8 ” 

angle arc found in eight-electron AH 3 systems when A becomes less electronegative. 

The above discussion also provides a rationale for the computational results that 
seven-electron AH 3 radicals with a first-row atom A (e g CI I 3 and ^» 
but those with a second-tow atom (e.g.. SiH, and PHI ) at, pytan dal. The <»b,UJ 
occupancy of a seven-electron AH 3 system is shown in 9.24. The a 2 > evel - s 
occupied , is of lower energy in the pyramidal geometry . However : the subjacent level, 
doubly degenerate and completely filled, is of lower energy at the planar geometry 
A pyramidal structure is expected only if the energy lowering associated with is 
substantial. This occurs for AH 3 systems containing a second-row atom A with 


ag- A 
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smaller electronegativity, and hence a smaller Ac value than their first-row counter- 
parts. Overlap is probably just as important as the energy gap in influencing problems 
such as these. 

9.3. tt-BONDING EFFECTS OF LIGANDS 

Let us consider AL„ systems in which L refers to a ligand (i.e., an atom or a group) 
that contains more than just a single s orbital and n = 1 , 2, 3, .... In most cases L 
contributes one electron in a sigma fashion to A as shown in 9.25 for planar AL 3 . 
The hybrid orbital used by L may be the sp 3 hybrid of an alkyl group in 9.26 or 
the sp hybrid of a halogen atom in 9.27. The local symmetry of the hybrid orbitals 
in 9.26 or 9.27 is the same as that for a hydrogen s orbital. Thus the way the atomic 
orbitals of A overlap with the ligand orbitals is the same whether the ligand carries 
a single s orbital or a directed orbital of this type. As a result, the overall shape and 
symmetry of the valence, A-centered orbitals of AL„ are the same as those of AH„. 
Therefore, the MOs of AH„ developed so far can be used to discuss the structures 
of AL„ systems. For example, the orbital of N(CH 3 ) 3 corresponding to the 2a, 
orbital of pyramidal AH 3 is that shown in 9.28. 


L 



9.25 9.26 9-27 9.28 

A very electronegative atom substituted at A causes all orbitals to decrease in 
energy (see Section 6.4), especially those that have appreciable orbital character 
associated with the electronegative substituent. There is a direct relationship between 
the energy lowering and the coefficients on the atoms that are made more electro- 
negative. Consider the level ordering of planar AH 3 in Figure 9.6. Replacement of 
the hydrogens by fluorine atoms would cause all of the MO levels to shift downward 
except for a " 2 . The effect of v bonding between the central atom and the ligands 
will be to raise a\ in energy. Consequently, the energy gap Ae in 9. 22 will be smaller 
for NF 3 than for NH 3 . This suggests an explanation for the computational result 
that the NF 3 inversion barrier is larger (78.5 kcal/mol) and the FNF valence angle is 
smaller (102.4°) than the corresponding value for NH 3 (106.7°). 10 The NF 3 in- 
version barrier of 78.5 kcal/mol is larger than the first bond dissociation energy of 
57 kcal/mol so that bond breaking is energetically favored over inversion. 

The external ligand L may be an atom or a group that possesses 7r-bonding ca- 
pabilities. In such a case it is convenient to separate the effects due to a and 7r bond- 
ing. To do this, we first develop the valence orbitals around the central atom A, 
neglecting the ^-bonding capabilities of L, and then introduce the 7r-bonding effects 
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of Las a perturbation. As an example, consider H 2 A-L in which L stands for a group 
with a rr-acceptor orbital <p a (e.g., an empty p orbital of BH 2 , that of an electroposi- 
tive metal such as Li, or a tt£ 0 orbital of a carbonyl group), which can engage in 
7 t interaction with the nonbonding orbital (analogous to a" 2 ) of A. The 7r interac- 
tions (n„ - 4>a) and (n 0 - <t> a ) that occur in planar and pyramidal H 2 A-L are shown 
in 9.29 and 9.30, respectively. The stabilization of the nonbonding orbital on A 
is governed by the overlap between the n and <p a orbitals and by the energy gap Ae 
between them. As can be seen from 9.31, the overlap (n n \<t> a ) in 9.29 is greater 



9.31 

than the overlap <.n„\<t> a ) in 9.30. Since the level of AH 2 is higher in energy than 
the n a level, the energy gap Ae is smaller in 9.29. Therefore, in terms of both 
overlap and energy gap considerations, the stabilization of n„ in 9.29 is greater than 
that of n a in 9.30. Such a ir interaction can stabilize the planar structure over the 
pyramidal one if it is larger than the competing u-effect, described above, respon- 
sible for pyramidal eight -electron AH 3 molecules. As shown for the ground state 
geometries in 9.32 and 9.33. This is the case for H 2 A-L with a first-row A atom 
but not for H 2 A-L when a second-row A atom is present. For the case of the 
heavier A atom, although the energy gap Ae between n n and 0 a is small, the < n n \ (p a ) 
overlap is small too because of the longer A-L bond and more diffuse valence or- 
bitals. In addition, recall that the inversion barrier of AH 3 is larger for a second-row 
compared to first -row atom. As a result the (n n - 0 a ) interaction in 9.29 is not large 
enough to make H 2 A-L planar when A comes from the second row. 1112 It should 
be noted that the nitrogen center of 9.32 becomes pyramidal when the tt interac- 
tion is cut off by rotation around the N-L bond as depicted in 9.34. Thus, rotation 
about the C-N bond in amides is intimately coupled with inversion at_the amide 
nitrogen. 13 Likewise, rotation about the C-C bond in the enolate ion :CH 2 CH=0 
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and that about the C-N bond in :CH 2 N0 2 are calculated to be complicated by inver- 
sion at the carbanion center. 14 A similar situation occurs for the species N(SiH 3 ) 3 
which has a planar NSi 3 skeleton, and P(SiH 3 ) 3 which has a pyramidal PSi 3 skele- 
ton. 11 Here the acceptor orbital 0 a is one component of the 2e orbitals of SiH 3 (see 
Figure 9.6 and Section 10.5). 

Consider now the species H 2 A-L, where L is a group with rr-donor orbital <li d 
(e.g., halogen atoms, NH 2 group, etc.). The result is the opposite to that described 
above for the acceptor case. Here the effects of n and o bonding work in the same 
direction, and the barrier to inversion around the atom A is greater than that in the 
parent AH 3 system. As shown in 9.35 and 9.36, the interaction between the non- 



9.35 9.36 


bonding orbital of A and the donor orbital of L is a destabilizing two-orbital-four- 
electron one. The destabilization is greater at the planar structure 9.35 since the 
overlap integral < n „ | <p d ) is greater than (n a \ 0 d >. Therefore the it interaction between 
the A and L centers increases the inversion barrier. The effect of n acceptors and 
donors on bending in AH 2 can be understood in an identical fashion. This has a 
dramatic impact on not only the reactivity of carbenes but also the singlet-triplet 
energy difference (Section 8.10). 15 Notice in the case of the singlet configuration 
that there is an acceptor orbital (b 2 ) and a donor orbital (2a t ) on the central atom. 
There is an interesting result, analogous to the observation concerning the planar 
skeleton of N(SiH 3 ) 3 , in silicon-oxygen chemistry. 16 The average value of the 
Si-O-Si angle in silicates (~149°) lies between the linear and tetrahedral extremes. 
There is also evidence from the variety of angles known in such species that the 
bending around the oxygen is rather soft. Both of these observations may be inter- 
preted in terms of Si-0 <r bonding, which best stabilizes the linear geometry while a 
effects best stabilize a considerably nonlinear geometry. 
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FIGURE 9.9. Correlation between the MO levels of tetrahedral and planar AH 4 . 


9.4. SHAPES OF AH 4 SYSTEMS 

Figure 9.9 shows how the orbitals of tetrahedral and planar AH 4 molecules are cor- 
related. During the T d -> Z) 4/ , distortion, two members of the 1 t 2 set are stabilized 
since overlap between the p orbital on A and the two hydrogen s orbitals is increased. 
But the third member is destabilized since all bonding between the p orbital of A 
and the hydrogen s orbitals is lost. This leads to the \e u and a 2u levels. For identical 
reasons, two members of the antibonding 2 t 2 set are destabilized and the third 
member is lowered in energy, yielding the 2e u and b lg levels. For the moment, we 
show the a 2u level to lie below b ig in Figure 9.9, but we note that the relative order- 
ing of the two orbitals depends upon the electronegativity difference between A 
and H (or L) as will be discussed later. 

In eight-electron AH 4 systems such as CH 4 and NH 4 , the HOMO of a square 
planar structure is the a 2u level. According to Figure 9.9, an eight-electron AH 4 
molecule prefers to be tetrahedral. The tetrahedral configuration of AH 4 may in 
principle be inverted as shown in 9.37. However, the barrier for this inversion is 

exceedingly large compared with that for the pyramidal inversion in eight-electron 
AH 3 systems. For example, the barrier for the configuration inversion in CH 4 is 
estimated to require about 160 keal/mol, 17 in sharp contrast to the pyramidal in- 
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version barrier of about 6 keal/mol in NH 3 . 5 This observation may be understood 
by reference to 9.38 and 9.39. What is largely responsible for the inversion barrier 
in AH 3 is the conversion of a nonbonding electron pair in a hybrid orbital (2a,) 
into a pair in a purep orbital. In contrast, the inversion of AH 4 requires the conver- 
sion of a bonding electron pair (1 1 2 ) into a nonbonding electron pair. 1 

cjp, ,)c.o - olp 


/++ °2U 



9-38 9.39 

A square planar carbon configuration can be achieved only if the HOMO a 2u 
is substantially stabilized by good 7r-acceptor ligands. For example, trilithiomethane 
is calculated to adopt a planar structure 9.40a instead of a tetrahedral structure 
9.40b. IS As indicated in 9.40c, the low-lying empty p orbitals of Li stabilize the 
two electrons in the a 2u orbital. Similarly, the eight-electron Li 2 0 is not bent like 
HjO but linear in structure. However Cs 2 0 is bent although it is isoelectronic with 
Li 2 0, 19 perhaps because the magnitude of v overlap associated with the p orbital 
of a heavier element is weaker. Recall from Section 9.3 that the nitrogen center of 
H 2 NCH=0 is planar while the phosphorus center of H 2 PCH=0 is pyramidal. 



a b c 

As the electronegativity of A in an AH 4 molecule is decreased, the p orbital of 
A is raised in energy and the A-H distance tends to increase. Furthermore, the 1 1 2 
set becomes more concentrated on the hydrogens, and 2 1 2 more concentrated on A. 
Consequently, in a square planar AH 4 molecule with an electropositive atom, b lg 
may become lower in energy than a 2u as shown in 9.41. At an intermediate ge- 
ometry the symmetry of the molecule is D 2d and both orbitals are of b 2 symmetry, 
so that an avoided crossing occurs, in fact, the HOMO of a square planar BH 4 ,SiH 4 , 
or PH 4 molecule is calculated to be the b lg level. 17 One important consequence of 
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9.41 

such a level ordering is that AL 4 systems with electronegative ligands such as halo- 
gens or alkoxides should have a lower barrier for configuration inversion at A than 
CH 4 This comes about because the HOMO b lg carries electron density only on 
the ligand atoms, and will be stabilized by electronegative atoms. In addition, elec- 
tronegative atoms carry nonbonding electron pairs. A twoorbital-two-electron 
stabilization results via interaction with the central atom p orbital (a 2u ) of the planar 
structure as depicted in 9.42. 

It should be noticed that there is a geometric way to stabilize a square planar 
structure when the a 2u level is the HOMO. We saw in Section 9.2B that pyramida- 
lization stabilizes an eight-electron AH 3 system: The HOMO, a 2 , is lowered in energy 
upon pyramidalization. The same tiling occurs for square-planar CH 4 . Distortion to 
a pyramidal, C 4v structure stabilizes a 2u .The 2a„ level (see Figure 9.9) mixes into 
a 2u , yielding 9.43. Computationally, the C 4 „ structure with cis- HCH angle ot 72.5 



9.42 9 43 


is about 23 kcal/mol more stable than the £> 4 „, square planar one. 17 One must be a 
little careful here. Obviously, good rr-acceptor substituents around A will cause the 
structure to remain planar, just as in AL 3 . For example, square planar oxygen is 
known in the solid-state structure of NbO and TiO. 20 Here the square planar ge- 
ometry is stabilized by the presence of rr-acceptor Nb (or Ti) d orbitals. Likewise, 
molecules in which a 2u is empty are expected to be more stable at the square planar 
rather than tetrahedral or C 4u pyramidal geometry. Examples mclude BH 4 CH 4 . 
or the doubly excited state of CH 4 in which a 2u is empty and b Xg is filled, we 
will return to this problem of tetrahedral-square planar-C 4l) pyramidal structure 
interconversion in Chapter 14, where AL 4 molecules with more than eight electrons 
are considered. 
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CHAPTER TEN 


Molecules with 
Two Heavy Atoms 


10.1. INTRODUCTION 

In the previous chapters, the MOs of AH„ systems were analyzed in some detail. 
These orbitals are convenient building blocks in constructing the MOs of large mole- 
cules such as A 2 H 6 , A 2 H 4i and so on, that may be envisaged as being made up of 
AH„ fragments. Extension to the series A 2 L 2n is also straightforward and covers a 
good bit of organic and main group chemistry. For instance, the MOs of C 2 H 6 can 
be easily constructed from the MOs of two CH 3 fragments. It is important to realize 
that the use of such molecular fragments implies nothing concerning their existence 
as stable chemical species. They are just conceptual building blocks convenient for 
analyzing the properties of large molecules. 1 The MOs of molecular fragments are 
often referred to as fragment orbitals. In this chapter, the structural properties ot 
several molecules are examined by constructing their MOs in terms of the appro- 
priate fragment orbitals. 


10.2. A 2 H 6 SYSTEMS 2 

Molecules of formula A 2 H 6 include ethane C 2 H 6 and diborane B 2 H 6 . Important 
structures of ethane are the staggered and eclipsed conformations, 10.1 and 10.2, 
respectively. Diborane adopts the bridged structure 10.3, as noted in Section 9.2A. 
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The interaction between the orbitals of two pyramidal AH 3 fragments, shown in 
Figure 10.1, leads to the MOs of staggered A 2 H 6 depicted in 10.4. For simplicity, 
the antibonding orbitals of AH 3 are not included in Figure 10.1. The 1 a lg and 1 a 2u 
MOs are primarily the in-phase and out-of-phase combinations of the two a s frag- 
ment orbitals, respectively, while the 2a ]g and 2 a 2u MOs arc primarily the in-phase 
and out-of-phase combinations of the two n a fragment orbitals, respectively. The 
iix and n v MOs are largely given by the in-phase and out-of-phase combinations of 
the two n x fragment orbitals, respectively. Likewise, the n* y and rr“. MOs are largely 
given by the in-phase and out-of-phase combinations of the two ir y fragment or- 
bitals, respectively. Note that the splitting for the n a fragment orbitals is larger than 
that for a s and 7r. This is due to a larger overlap between the n„ orbitals. They are 
hybridized toward each other. 

A. ETHANE 

With 14 electrons, the HOMO of staggered ethane, e g , is doubly degenerate and 
completely filled. The energy of eclipsed ethane differs from that of the staggered 
conformer, since the magnitudesof the orbital interactions between two CH 3 groups 
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FIGURE 10.1. Construction of the MOs of staggered A 2 H 6 in terms of the orbitals of two 
pyramidal AH 3 fragments. 

are different in the two conformations. Figure 10.2 shows the rr y and ir* (the anti- 
bonding analog of ir y shown in 9.7) orbitals of two CH 3 groups in the staggered 
and eclipsed arrangements. 3 Each conformation gives rise to one destabilizing inter- 
action (ir y - ir y ), which is a two-orbital-four-electron situation since rr y is filled. 
There arc also two stabilizing interactions (ir y - ir*) and (ir* - ir y ). 

The diagram in 10.5 shows that 1 ,4-overlap in the (ir y - ir y ) interaction, denoted 
by a double-headed arrow, is less positive in the staggered conformation. Thus the 


■’ 'W b) >-( 



FIGURE 10.2. Frontier orbital interactions between the two AH 3 fragments in staggered and 
eclipsed A 2 II 6 : (a) staggered and (b) eclipsed. 
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total overlap between the two n y orbitals is smaller, and the magnitude of the de- 
stabilizing (ir y - 7r y ) interaction is smaller in the staggered conformation. 1 ,4-over- 
lap in the (ir y - rr*) interaction is less negative in the staggered conformation as 
shown in 10.6. Since the total overlap between the ir y and ir* is greater, with a cor- 
respondingly larger (rr y - ir * ) stabilization in the staggered conformation, this 
geometry is predicted to be more stable than the eclipsed conformer. The same con- 
clusion results by considering the rr-type interactions associated with the rr x and ir* 
orbitals of two CH 3 groups, because rr x and ir* are degenerate with ir y and it*, re- 
spectively. Consequently the HOMO of ethane is lower in energy (less destabilized) 
in staggered ethane, as shown in 10.7, compared to the eclipsed conformation. The 
rotational barrier in ethane has been determined to be 2.93 kcal/mol. 4 



B. DIBORANE 





With respect to ethane, diborane (B 2 H 6 ) has two electrons less so that the HOMO 
of a staggered ethane-like B 2 H 6 structure would be half-filled as shown in the left 
side of Figure 10.3. Upon the staggered to bridged distortion 5 (i.e., 10.1 -> 10.3), 
the it y level is lowered in energy since the antibonding 1,3- and 1 ,4-interactions in 
the ir y (see 10.8) are reduced. Furthermore, the nonbridging H-B-H angle increases 


10.8 

1.4 

from 1 1 0 to ~120° which increases the overlap between the hydrogens and the 
p y atomic orbital on each boron atom (Figure 1 .4, Section 7.3). On the other hand, 
the ir x level is raised in energy since bonding between A and H is lost upon the dis- 
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tortion. The degeneracy of e g in staggered diborane is therefore lifted upon distor- 
tion to a bridged structure. In short, the 10.1 - 10.3 distortion relieves the Jahn- 
Teller instability associated with the staggered D id structure. This conclusion is 
also valid when there are three electrons to fill the HOMO level of the D 3d structure 
as in C 2 H 6 + . In this case the n; level is singly occupied (Figure 10.3) during the 
10.1 -> 10.3 distortion, and the driving force for the distortion is reduced compared 
with the case of B 2 H 6 . Therefore, C 2 H 6 + is predicted to have a C 2 „ structure (10.9), 
intermediate between 10.1 and 10.3. 6 

Diborane is two electrons short of a saturated compound like ethane. In the 
bond orbital approach, two three-center-two-electron bonds (10.10) are considered 
to be formed between the bridging hydrogens and the borons. In terms of MOs, the 
filled orbitals are the a g and b 3u levels in Figure 10.3. One can see in them the es- 
sence of the a[ level in the cyclic H 3 system (Section 7.4 C). The b 2g orbital corre- 
sponds clearly to one component of the empty e set in II 3 . 
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C. DIMERIZATION OF AH 3 


Let us consider A 2 H 6 as a dimerization product of two AH 3 units. 10.11 shows 
the least-motion approach of two -CH 3 radicals to form ethane C 2 H 6 . The MO 
correlation-interaction diagram in 10.12 shows that, given conservation of D 3d 
symmetry, the occupied MOs of two -CH 3 radicals lead only to those of the ground 
state of ethane. Hence 10.11 is a symmetry-allowed reaction. If dimerization of 
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two BH 3 units were to follow a similar path as shown in 10.13, not all the occupied 
MOs of two BH 3 units can be correlated with those of the ground state diborane 
in a staggered structure as shown in 10.14. That is, 10.13 is a symmetry-forbidden 
process (see Section 4.7). As already discussed in Section 9.2A, dimerization of 
BH 3 proceeds via a reaction path that maximizes the HOMO-LUMO stabilizing 
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interactions that lead to a bridged structure. One can show that this reaction path is 
indeed symmetry allowed. 5 


10.3. TWELVE-ELECTRON A 2 H 4 SYSTEMS 

Some structures of interest for A 2 H 4 molecules are shown in 10.15. Pyramidaliza- 
tion at each atomic center A leads the planar structure 10.15a to the anti structure 
10.15c, and the perpendicular structure 10.15b to the gauche structure 10.15d. The 

D ah 

a b 



IO.I5 




c d 

orbital interaction between two AH 2 units in Figure 10.4 gives rise to the MOs of 
planar A 2 H 4 shown in 10.16. With 12 electrons as in C 2 H 4 , the tt and rr* levels 
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FIGURE 10.4. Construction of the MOs of planar A 2 H 4 in terms of the orbitals of two AH 2 
fragments. 
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become the HOMO and LUMO of planar A 2 H 4 , respectively. At a given A— A dis- 
tance, 7 r bonding in the lower of these two levels is maximized when A 2 H 4 is planar. 
It is the occupation of this level that leads to planar 12-electron A 2 H 4 systems 
when A is from the first or second row of the periodic table, but the anti structure 
for heavier A atoms, as we will see later. 

Occupation of the 7r orbital is also responsible for the large barrier to rotation 
around the C=C double bond (approximately 65 kcal/mol in C 2 H 4 ) in alkenes, 7-8 
since it bonding is completely lost upon rotation as shown in 10.17. Some elec- 
tronic states of importance for a 12-electron A 2 H 4 system are given in 10.18. In- 
spection of the IIOMOs in 10.18 shows the diradical state 10.18c to be more stable 
than the (7r-»-7T*) excited state. Thus the (n -*n*) excitation in alkenes provides 
a driving force for twisting around the C = C bond to a perpendicular structure. 
This is why cis-trans isomerization occurs in alkenes upon (n -> it*) excitation. 9 

A. SUDDEN POLARIZATION 10 

A perpendicular (Z? 2d ) A 2 H 4 molecule with 12 electrons is a typical diradical sys- 
tem (see Sections 8.8 and 8.10) 10.18c, with the triplet state lying very close in 
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energy to the singlet state. An alternative to the diradical state is obtained by asym- 
metrically occupying the p orbitals 0! and 0 2 with two electrons as shown in 10.19. 
The resulting electron configurations <P? and <I> 2 are strongly dipolar because of the 
formal positive and negative charges created on adjacent atoms. In general, strongly 
dipolar electron configurations such as '!>? and <b 2 , obtained as an alternative to a 
nonpolar diradical configuration, are referred to as zwitterionic configurations. 
and 'I> 2 are equivalent but differ in the way the two p orbitals are doubly occupied. 
Because of electron-electron repulsion arising from the orbital double occupancy 
(see Section 8.8), and <b 2 are less stable than the diradical state. As the atomic 
centers A! and A 2 are equivalent, the state functions appropriate for perpendicular 
A 2 H 4 are given by linear combinations of <I>° and <I> 2 , namely. 
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*o = *?±*i 


Since these states have equal weights on and <J>2, they have equal electron densi- 
ties on the two carbon atoms and hence no charge polarization. As noted in Section 
8.10, 'L? is more stable than ty 2 by -2 K l2 , where 


KlJ = «&?|//|<f> 2 > = (0!0 2 |0,0 2 ) 


( 10 . 2 ) 


The exchange integral K i2 originates from the overlap density distribution 0, 0 2 , 
and is extremely small in magnitude (e.g., 1 ~ 2 keal/mol in perpendicular C 2 H 4 ), 10 
because 0 1 lies in the nodal plane of 0 2 and vice versa. Consequently, the energy 
difference between the two states 'T? and ¥§ is small. The relative stability of these 
two states is reversed in a large-scale Cl calculation, although the energy difference 
between the two still remains very small." Similarly, a large-scale Cl calculation 
shows that the singlet diradical state is only slightly more stable than the triplet 
diradical state against the prediction of Hund’s rule. In the following we neglect the 
effect of a large-scale Cl calculation on the relative stability of ty® and because 
it is only the small energy difference between the two states that matters in our 
discussion. 

Let us introduce a slight geometry perturbation to make the A, and A 2 sites 
nonequivalent. As an example, one may consider a slight pyramidalization at A, as 
shown in 10.20. Three and four electron pairs around a given atom tends to make 


10 . 20 


that center planar and pyramidal, respectively. Thus <b, is more stable than <f> 2 , 
that is, 


E, <E, 


(10.3) 


where 


E\ = <<f>, |/7|<I'i> 

, (10.4) 

E 2 =(,<t> 2 \H\<t> 2 ) 

If the extent of the pyramidalization at A] is small, it is valid to use the following 
approximation 

<'b, |/?I*I> 2 > — (<b®|//|<I>5> = K l2 (10.5) 
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Therefore, with the condition that 

K 1 2 E 2 ~ E i 

the state functions appropriate for 10.20 are given by 

Ku . 

K12 

****** 1 ^ 1 *' 


( 10 . 6 ) 


(10.7) 


Since K l2 is very small in a perpendicular structure, equation 10.7 is valid when the 
energy difference E 2 - £, is small, that is, when the extent of pyramidalization at 
A, is small. Now the state is strongly zwitterionic since <f> 2 is only a smaU com- 
ponent. Namely, the electron density is concentrated on the pyramidal center A, 
and diminished on the planar center A 2 . Similarly, the state shows zwitterionic 
character in which the electron density is concentrated on the planar center A 2 . 

The above discussion shows that a small geometry perturbation can induce a 
strong charge polarization. This kind of phenomenon is generally referred to as a 
sudden polarization. 10 It has been postulated to occur in photochemical cycliza- 
tion of conjugated dienes and trienes. 12 The stereospccificity observed in these 
reactions can be explained by a zwitterionic intermediate containing an allyl anion 
moiety which in turn undergoes a conrotatory ring closure to a substituted cyclo- 
propyl carbanion. Finally, collapse of the zwitterion leads to a bicyclic product. 
As examples, 10.21 shows the photochemical conversion of a 1,3-butadiene to a 
bicyclo[ 1.1.0] butane, and 10.22 that of a cis, trans-l ,3,5-hexatriene to a bi- 
cyclop. 1.0] hexene. In the above diene and tricne, twisting of the C 3 =C 4 bonds 



10.21 



10.22 


generates the appropriate initial zwitterions. A similar charge polarization is thought 
to occur in retinal, 10.23a. The primary excitation of the retinal skeleton involves 
rotation around the C U =C 12 bond leading to the aXUrans form. At the halfway 
point of this rotation, the retinal skeleton is transferred into two pentadienylic 
moieties (i.e., the 7-11 and 12-16 fragments). Since these fragments are nonequiv- 
alent, charge polarization occurs in the excited state. Due to the positive charge on 
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10.23a 10.23b 

the protonated imino group, a negative charge moves toward the 12-16 fragment 
(which therefore becomes neutral), and a positive charge toward the 7-1 1 fragment. 
This is shown in 10.23b. The net result of excitation is the transformation of a 
photon into an electrical signal, as the positive charge migrates from the 12-16 to 
the 7-11 fragment. This sudden polarization is considered to be crucial for the 
mechanism of vision. 10,13 

B. SUBSTITUENT EFFECTS 14 


Consider now an alkene with a 7r donor D or a v acceptor Aon the C=C bond as 
shown in 10.24. As usual, the C=C bond is described by the ir and 7r* orbitals. 
For simplicity, we describe a n donor by a filled orbital tp d and a n acceptor by an 
empty orbital <f> a . 10.24a represents a case in which <t> d lies below n. In 10.24b, <j> d 
lies above i r but much closer to n than 7r*. 10.24c shows a case in which tp a lies 
below 7r* but much closer to 7r* than n. Finally, 10.24d represents a case in which 
<p a lies above n*. By employing the rules of orbital mixing in Chapter 3, the 71!, tt 2 , 



abed 


10. 24 
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and 7 t 3 MOs of 10.24a-10.24d can be easily derived. Summarized in 10.25a-10.25d 
are the relative weights of these MOs on the vinyl carbon atoms and donor or accep- 
tor substituent (represented by a single p atomic orbital lor simplicity) oi these 
MOs for the case of 1 0.24a- 10.24d, respectively. It is noted from 10.25a and 
10.25b that, for a 7r-donor substituted alkene, the HOMO has less weight but the 
LUMO has more weight on the carbon bearing the substituent. In contrast, 10.25c 
and 10.25d show that, for a rr-acceptor substituted alkene, the HOMO has more 
weight but the LUMO has less weight on the carbon bearing the substituent. In all 
cases the resulting form of the orbitals resembles that of the allyl system. For the 
donor-substituted cases the tt 2 , “nonbonding," level is occupied and, like the allyl 
anion, electron density is concentrated on the donor and 0-vinyl carbon atoms. The 
opposite occurs with an acceptor-substituted alkene which is analogous to an allyl 
cation. Consequently, the charge densities of the C = C bonds in 7r-donor and 
7r-acceptor substituted alkenes are expected to polarize as shown in 10.26, a result 
consistent with 13 C NMR chemical shifts in substituted alkenes. 15 Notice that the 
increase or decrease of electron density at the 0-vinyl carbon is not solely due to 
the donation or acceptance of electron density by an electron donor or acceptor, 
respectively. By second-order orbital mixing, 7r* mixes into rr to polarize the charge 
distribution in n, (and jt 2 ). The charge polarization effect of a jt donor is opposite 
to that of a rr acceptor. Thus when n donors and 7r acceptors are substituted as in 
10.27, the charge distribution of the C=C bond is strongly polarized (10.28). Thus 



10 .26 


10.27 
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10.28 10.29 

7r bonding is weak in the planar structure of 10.27, while the zwitterionic state of 
the perpendicular structure (10.29) is stabilized significantly by the v acceptors at 
the anion site and by the n donors at the cation site. For the perpendicular struc- 
ture of 10.27, the zwitterionic state becomes more stable than its alternative, di- 
radical state. Consequently, the rotational barrier around the C=C bond is sub- 
stantially reduced. For example, the C = C rotational barrier of 10.27 is less than 
8 keal/mol for A = — COCH-, and D = — N(CH 3 ) 2 . 16 

C. DIMERIZATION OF AH 2 7 

Ethylene, CH 2 =CH 2l may be obtained as a dimerization product of singlet carbene 
:CH 2 . The least-motion approach, which maintains D 2ll symmetry in this reaction, 
is symmetry forbidden as shown by the MO correlation-interaction diagram in 
10.30. This approach is energetically unfavorable since it maximizes the HOMO- 

#> ^ 



10 .30 
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10.31 10.32 

HOMO interaction (a two-orbital-four-electron destabilization) and minimizes the 
HOMO-LUMO interactions (a two-orbital-two-electron stabilization). Two l 2 
units can approach in a more favorable way such that the HOMO of one :CH 2 unit 
is directed toward the LUMO of the other as shown in 10.31. As the dimerization 
progresses, two :CH 2 units gradually tilt away from this perpendicular arrangement 
to become planar CH 2 =CH 2 . This is illustrated in 10.32. 


D. PYRAMIDALIZATION OF A 2 H 4 

It was pointed out that, as the atomic number of A increases in 12-clectron A 2 H„ 
systems, the stability of the anti structure increases relative to that of the planar 
structure. Tims C 2 H 4 and Si 2 H 4 are predicted to be planar while Ge 2 H 4 and Sn 2 H 4 
have the anti structure. 18 ’ 19 Although Si 2 H 4 may be planar, the potent.al energy 
surface for the planar to anti distortion is calculated to be very soft. Experimentally, 
Sn 2 R 4 [R = — CH(SiMe 3 ) 2 ] is found to have the anti structure shown in 1033.^ 
In addition, it is also found for isoelectronic species such as Ge 2 P 4 and Ge 2 As 4 
present in a crystalline environment with Ba 2 counterions. 

r=ch(simb 3 ) 2 

Sn-Sn = 2.764 A 
Sn - C — 2 . 28 A 
C-Sn-C = 112° 

8 = 41° 

We will use two different approaches to view this interesting problem. The first 
uses an argument similar to that employed in Section 9. 2B to view the pyramidaliza- 
tion of eight-electron AH 3 systems. The MOs of A 2 H 4 that result from the m-phase 
and out-of-phase combinations of o* on each AH 2 (i.c., o* 4 and o*_), omitted in 
Figure 10.4 for simplicity, are shown in 10.34 together with the n and n levels. 
Let us consider how n and tt* of planar A 2 H 4 mix with the o? + and a *, levels dur- 
ing the planar to anti distortion. In the anti structure, the overlap between tt and 
o * (both are of b u symmetry) and that between tt* and o*. (both are of a g sym- 
metry) are nonzero, see 10.35. Consequently, orbital mixing occurs between tt and 
o*_ and between tt* and a ■*. on bending. An orbital correlation diagram is shown in 
10.36, where the n+ and orbitals of anti A 2 H 4 are derived as in 10.37. 
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Due to this orbital mixing, the n and tt* levels are lowered upon the planar to 
anti distortion. From second-order perturbation theory the stabilization of rr is 
toUly proportional ro the energy gap A«, and Brat of a* to With an mcreaae 
in the atomic number of A, the orbitals of A become more diffuse. Thus a-anti- 
bonding in A-H is reduced in o*. and a?_, so these levels are lowered in energy. 
In addition, the rr and rr* levels are raised in energy because of the electronegativity 
of A decreases. Most importantly, the energy gap between rr and* becomes quite 
small, since rr-interaction in A- A is reduced by increasing d.ffuseness of the 
atomic orbitals on A. The planar to anti distortion in a 12-electron A,H 4 system is 
therefore a second-order Jahn-Teller distortion, which becomes increasingly stronger 
upon going down a column in the periodic table. f 

The electronic structure of anti A,H 4 may also be described in terms of the di- 
merization of two AH, units as shown in 10.32 and 10.38 The structure of 10.33 
may then be regarded as a stannylene caught in the act of dimerizing. When AH, 
units cannot achieve strong * bonding because of a long A A bond, they adopt an 
anti structure so as to maximize their mutual HOMO-LUMO interactions. It is 
noted from 10.36 that the HOMO-LUMO gap becomes smaller upon D,,, C,* 
distortion, and thus the corresponding second-order Jahn-Teller instability should 
actually increase. In the C,„ point group, ^ X r„ u = r„ u so that a distortion 
mode of b u such as 10.39 would bring 10.32b toward 10.32a. There must be a 
whole range of geometries from 10.32b to 10.32a for 12-electron A,L< systems of 
third and fourth row atoms A. 



10.38 10.39 


10.4. FOURTEEN-ELECTRON AH 2 BH 2 SYSTEMS 

With 14 valence electrons, the HOMO of planar AH, AH, is the it* level oi 10.16. 
On rotation around the A-A bond ** is lowered in energy as shown in 10.4U, 
Furthermore, this stabilization is greater than the amount of energy that the ir level 
is destabilized. The total stabilization decreases as the A-A distance increases. 1 he 
HOMO of perpendicular AH, AH, is further stabilized by pyramidalization at each 
center A. This reduces the D 2d symmetry of the perpendicular geometry to t, m 
the resulting gauche structure. The Walsh diagram in Figure 10.5 reveals that a st 
mixes into p+ to give , and a*, mixes into p _ to give n . . 

The relative stability of the gauche and anti conformations m AH, AH, : may oe 
examined in terms of the interactions leading to the generation of their HOMOs. 
As far as each center A is concerned, a 14-electron AH, AH, can be regarded as 
an 8-electron AH,— L (or L-AH,) as depicted in 10.41. The HOMO of AH,L is 
the nonbonding orbital n a , and that of anti or gauche AH, AH, is mainly composed 
of n a from each center A. The n a and tt^h, orbitals of each AH, unit are arranged 
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in anti and gauche conformations in 10.42 and 10.43, respectively. The overlap 
between the two n„ levels is substantial in the anti conformation, but essentially 
nonexistent in the gauche conformation. Therefore, the destabilizing interaction 
between the two n„ orbitals is negligible in the gauche geometry. Further, the 
gauche conformation provides a nonzero overlap between the n„ and 7rX H orbitals, 
thereby leading to the (n a 7Tah,) stabilizing interaction, 10.44. Both effects lead 
to the preference of the gauche conformation over the anti conformation in a 14- 



figure 1 0.5. Correlation of the MO levels of bisected and gauche A , II 4 . 
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10.44 

electron AH 2 AH 2 system such as hydrazine NH 2 NH 2 . If the A— A distance of 
AH 2 AH 2 is large, as in diphosphine PH 2 PH 2 , then the interaction between the two 
n„ orbitals is weak even in the anti conformation so that the energetic variation o 
the HOMO is not an important factor governing the conformational preference. In 
such a case, the anti conformation becomes comparable in energy to, or may be- 
come more stable than, the gauche conformation. 21 • 22 Note that we have conve- 
niently singled out the (n a - tt£h 3 ) interaction as stabilizing the gauche conforma- 
tion. The A— H bonding counterpart, 77 A h 3 , will also interact with n a . This is a 
two-orbital-four-electron destabilizing interaction which is maximized at the gauche 
geometry and minimized in the anti structure. Therefore, it does not cost much 
energy to rotate from one gauche structure to another by way of the anti conforma- 
tion. On the other hand, rotation through a syn geometry will require a far greater 
activation energy. 21 In the syn geometry the four A-H bonds eclipse each other, 
and the two filled n a orbitals maximize their overlap at this geometry. 

A sulfonium ylide CH 2 SH 2 , 10.45, is an example of a 14-electron AH 2 BH 2 sys- 
tem. Since the valence orbitals of sulfur are more diffuse than those of carbon, the 
7 rj H level lies lower in energy than in tt£h 3 level. Based solely upon the ionization 
potentials of sulfur and carbon, one might expect the nonbonding orbital of sulfur 
(n s ) to lie higher in energy than that of carbon (n c ). However, orbital levels are 
lowered and raised upon introducing formal positive and negative charges respec- 
tively (Section 8.9). This effect raises the n c level above n s in sulfonium yhdes 
and consequently makes the carbanion center more nucleophilic than the sulfonium 
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ion center. Therefore, the relative orderings of the n s , 7Tsh 3 , n c , and 7 T*h 3 may be 
approximated as in 10.46. The energy gap between n c and 7 Tsh 3 is small compared 
with that between n s and 7 Tch 3 - This gives rise to a strong ( n c - 7rg Hj ) interaction 
in the gauche conformation. The interaction is further enhanced if the carbanion 
center becomes planar, because the p orbital of a planar carbanion center is closer 
in energy to 7 Tsh 3 and overlaps better with 7rs Hj as shown in 10.47. Thus a sulfonium 
ylide is expected to have a planar carbanion center, thereby leading to a bisected 
structure 10.48. 23 This structure is also found for aminophosphine (PH 2 NH 2 , iso- 
electronic with SH 2 CH 2 ) derivatives which have a planar nitrogen center and exist 
in this bisected geometry. 2 1,24 

Notice that we have focused upon the ttsh, fragment orbital as a 7r acceptor. An 
empty d orbital on sulfur also plays the same role, as shown in 10.49. Which is a 



10.47 10.48 10.49 

more accurate picture, that in 10.47 or 10.49? The symmetry of the (n c ~ 7t|h 3 ) 
interaction is the same as that of the (n c ~ d) interaction, so there is no way to 
make a choice short of a calculation. Unfortunately, this does not provide a clear- 
cut answer, either. Inclusion of d-type functions is essential for a proper quantita- 
tive description of the structure and energetics of a molecule such as SH 2 CH 2 . In 
such a calculation, however, electron density transferred to the c/-type functions is 
not significant. In other words, rf-type functions act as polarization functions to 
accurately tailor the wavefunctions but are not important in the customary sense of 
Pn-d-n bonding as depicted in 10.49. 

10.5. AH 3 BH 2 SYSTEMS 

A 12-electron system C 2 H 3 may adopt a classical structure 10.50 or a nonclassical 
one 10.51. To probe the transition between the two possibilities, we will first con- 
sider the orbital interaction between the CH 3 and CH 2 units in 10.50. The la, and 
1 b 2 orbitals of the CHj fragment will interact with la, and one component of le 
on CH 3 , respectively, to form in-phase and out-of-phase combinations which are 
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10.50 


10.51 


filled. The 2 a x level of CH£ and 2 a, on CH 3 will interact strongly to form a filled a 
and empty a* MO. This pattern is like that found for C 2 II 6 (see Figure 10.1) and 
C 2 H 4 (see Figure 10.4). A difference comes from the interaction between the b, 
fragment orbital ( p CH ) and the other component of le and 2eon CH 3 (rr CHj and 
7 r? H , respectively) which overlap in a jt fashion (10.52). According to the interac- 
tion’ diagram 10.52, the 7 T C h, level is perturbed by tr? H , and p c », as shown in 
10.53. Electron density from filled 7r CHj is transferred to empty p C H, via ir overlap. 

\ + „ 

* .C — 

t ch, V 



10.52 



Since the 7 T C h, orbital is C-H bonding, this interaction weakens the C-H bonds. 
To a lesser extent the in-phase mixing of 7 Tch, with p CHl also increases C— C bond- 
ing and decreases C— H bonding. In particular, the C— H bond periplanar to the 
carbonium ion p orbital is preferentially weakened since the coefficients in rr c h, 
and jt*h are largest for this liydrogen. This may also be seen quite clearly from the 
bond orbital descriptions of 7r CHj and rr*Hj (10.54). Thus the MO picture oi 10.5 


10.54 
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is analogous in nature to hyperconjugation, 10.55. An electron-deficient group 
tends to migrate into an electron-rich region; we have seen this for H 3 in Section 
7.4C. So the orbital correction in 10.53 facilitates the structural change which 
takes 10.50 to 10.51. Along this distortion, the 7r' level stays relatively constant in 
energy as shown in 10.56. Alternatively, one may view the bridged, nonclassical 



10.56a 10.56b 

structure as a protonated ethylene. As a proton attacks ethylene, the empty s orbital 
of the proton will interact with the 7r orbital of ethylene. Maximum overlap occurs 
when the proton is centered over the carbon-carbon bond. This interaction directly 
leads to 10.56b. The stability difference in the C 2 HJ isomers, 10.50 and 10.51, is 
calculated to be very small even at a computational level beyond ab initio SCF MO 
calculations. 25 The orbital shape of 10.56b is topologically equivalent to filled a\ in 
the cyclic form of HJ. The n* level of this protonated ethylene “complex” and the 
C — 11 antibonding analog of 10.56b are similar to the empty e set in H 3 . Exactly 
the same pattern evolves from the transition state for 1,2-alkyl shifts in carbonium 
ions. The migrating alkyl group possesses a hybrid orbital that overlaps with the 7r 
level in the same way as the hydrogen s orbital does in 10.56b. 

Two structures of interest for a 14-elcctron system in CH 3 CHJ arc shown in 
10.57. The interaction diagram 10.58 for the staggered structure 10.57a is not 



10.57a 10.57b 
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much different from that presented for CH 3 CH; in 10.52. We now focus 
interest on the middle level of this three-orbital pattern. A simplified mteract on 
diagram is presented in 10.58 where we have pyramidalized the c^bamon cent 
There is still significant rr-type overlap of n a with 7 T C h 3 and * CHj - Tllc for "’ of JJ 
basically the same as that given in 10.53. In the HOMO. n the n orb.tal combines 
out-of-phase with rr C H 3 but in-phase with ir* CH so that m eth yl 1 hydrogen 
enhanced at the expense of methyl carbon character (see 10.59). As a result, 



n 


hydrogen atom in the C-H bond antiperiplanar to n„ has more we lg ht and hence a 
greater charge accumulation. Charge transfer from n to 7r CHj - ansmg from 
7 ) interaction, 10.60, weakens primarily the C-H bond antiperiplanar 

toV The same phenomenon is also observed in methylamine, 10.61. The presence 
of a C-H bond antiperiplanar to a nitrogen nonbonding orbital n a is signaled y a 
characteristic infrared band in the C-H stretching region, known as the Bohlmann 

band. 26 



10.60 I0- 61 

As in the case of staggered CH 3 CH 2 ‘, the HOMO of the eclipsed structure 10.57b 
can be easily derived. The HOMOs of the staggered and eclipsed structures are com- 
pared in 10.62. The HOMO of CH 3 CH; lies lower in the staggered structure since it 



,0.62a 10.62b 

avoids antibonding between the two large orbital lobes. Thus the staggered geometry 
is energetically favored over the eclipsed one. In connection with nucleophilic addi- 
tion reactions to multiple bonds, it is of interest to consider CH 3 CH; as derived 
from a nucleophilic addition of H" to ethylene (10.63). The orbital interaction dia- 




10.63 


gram in 10.64 leads to the HOMO as shown in 10.65. Note that p orbital character 


AH 3 BH 2 systems 


175 




is reduced on Cl (not shown) but enhanced on C2, that is. carbanion character de- 
velops on C2 at the expense of weakening v bonding between Cl and C2. The 
HOMO of 10.65 is further stabilized upon pyramidalization at the Cl and C2 cen- 
ters. As expected from 10.62 and 10.66, this distortion should favor an antiperi- 



10.66a 10.66b 

planar arrangement of the developing lone pair on C2 to the newly forming bond 
at Cl. The hydride in 10.63 directly attacked ethylene Cl. It will make little sense 
to have the hydride attack between the Cl— C2 bond as was predicted for the ap- 
proach of an electrophile (e.g., H*) toward ethylene. Such a path maximizes hydro- 
gen s-ethylene n overlap which in the present case (see 10.64) constitutes a two- 
orbital-four-electron destabilization. The stabilizing term, hydrogen s mixing with 
ethylene ?r*, is zero by symmetry when the hydride bisects Cl— C2. There are still 
a large range of paths that can be considered allowing for the fact that the hydride 
should directly attack Cl. Three geometries are illustrated in 10.67. Again the 


* * t 

c=c = ^ : — :c ‘-i, 10.67 

12 12 12 

a b c 

favored path minimizes overlap between hydrogen s and ethylene 7r and maximizes 
overlap between hydrogen s and ethylene 7r*. For the former case the three possi- 
bilities are shown in 10.68. The smallest overlap occurs in geometry 10.67a where 
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the overlap between hydrogen s and ethylene n (as indicated by the double-headed 
arrow) is minimized. Thus, the two-orbital-four-electron interaction is least desta- 
bUizing in 10.67a. As shown in 10.68 the overlap between hydrogen s and ethylene 
n* is maximized at 10.67a since now the 1, 3-ovcrlap between hydrogen s and the 
p atomic orbital at C2 is negative. Hence the two-orbital-two-electron interaction 
is most stabilizing in 10.69a. Consequently the hydride is expected to approach 



ethylene Cl at an oblique angle when the overlap between the reactants becomes 
appreciable. It can be easily seen that this is nothing more than a restatement of 
the linear vs. bent Hj problem. For the same reasons that mandate a linear Hi 
geometry over a bent one, the H' + ethylene system prefers to adopt an oblique 
H— Cl— C2 angle along the reaction path. Furthermore, the hydrogen s-ethylcne 
7 T* interaction results in charge transfer from the filled hydride s orbital to the 
empty ethylene 7r* orbital. As shown in Section 9.2 this may be made more sta- 
bilizing by pyramidalization at Cl and C2, a process that occurs as the reaction 
proceeds. 

Now the reaction path and rationale for it can readily be extended to any reac- 
tion where a nucleophile attacks a 7r bond. The lone pair HOMO of a nucleophile 
(ai) plays the same role and is topologically analogous to the hydride s orbital. 
However, a nucleophile does not normally react with ethylene itself. The desta- 
bilization between n and ethylene 7r is not compensated by the stabilization be- 
tween n and rr*. Perturbations that bring about the following two changes will 
render the nucleophilic attack more favorable: One is to provide low-lying 7r HOMO 
and v LUMO so as to decrease the energy gap between n and tt LUMO and increase 
that between n and tt HOMO. The other is to increase the orbital coefficient of the 
carbon under nucleophilic attack (i.e., Cl in 10.63) in the tt LUMO but decrease ii 
in the tt HOMO. Such an orbital polarization decreases the overlap between n and 
rr HOMO. All of these can be achieved either by having a ^-acceptor substituent at 
C2 (see 10.25c) or by substituting a more electronegative atom for C2 in 10.63 (see 
Section 6.4). The electronegativity perturbation encountered upon going from 
CH 2 =CH 2 to CH 2 =0 not only lowers i r and 7r* but also polarizes these orbitals so 
that tt is concentrated at the more electronegative oxygen atom and 7r* is concen- 
trated on carbon. This is indicated on the right side of the interaction diagram in 
10.70. Consequently, the stabilizing (n - ir*) and destabilizing (n ~ n) interactions 
are increased and decreased, respectively, compared to ethylene. Notice that the 
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nucleophile still prefers an oblique approach and the carbon center will pyramidalize 
for the same reasons as discussed for the ethylene case. 27 A crystallographic map- 
ping of the reaction path for nucleophilic attack on carbonyl containing compounds 
has been provided. 28-29 There exist a large number of X-ray structures where a 
nucleophilic center is forced to be in close proximity to a carbonyl group. This may 
occur as a result of intra- and/or intermolecular contacts. The geometry around the 
nucleophile and carbonyl group is then adjusted to correspond to the energetically 
most favorable situation. Consequently, these X-ray structures effectively chart the 
path of least energy for the reaction. The features of the reaction that we have dis- 
cussed are experimentally found: namely, as the nucleophile begins to appreciably 
interact with the carbonyl carbon it does so with an oblique Nu — C — O angle as 
shown in 10.70. Furthermore, the carbonyl carbon center becomes progressively 
more pyramidal as the Nu — C distance decreases. 28 ’ 29 

Let us now return to the CH 3 CH 2 system. Of the three methyl hydrogens in 
CH 3 CH 2 , the one in the C II bond antiperipianar to n a carries the highest charge 
density as already pointed out. Therefore, this hydrogen is the preferred site for 
substitution by an electronegative ligand X, and an anti structure 10.71 is expected 
for XCH 2 CH 2 . Furthermore, due to the electronegativity perturbation provided by 
X, the a*x orbital is found lower in energy than o* H . Therefore, o* x is closer in 
energy to n a as indicated in 10.72. The a* x orbital is also more concentrated at 



10.71 
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carbon than is o* H • This is again due to electronegativity differences. Consequently, 
the overlap of a* x with n„ is expected to be larger than that between a*n and n„. 
Thus, both the energy gap and overlap factors favor the (n a - a*x) interaction 
over (n a - u*h)- The picture we have developed for the optimum conformation in 
XCH 2 CH 2 contains all of the elements that determine the stereochemistry of E 2 
(and E\cb) elimination reactions. 30-31 In an alkyl halide the C— H bond antiperi- 
planar to the C — X bond is attacked by a base. At the transition state for an E 2 
process, substantial negative charge is developed at the carbon atom that is being 
deprotonated. In orbital terms, the weakened C — H bond becomes localized on 
carbon and is similar in shape to n a in 10.71, which is the intermediate for an 
Elcb process. The favorable interaction with o* x is, of course, maximized at an 
antiperiplanar conformation. The interaction also transfers electron density from 
the carbon atom being deprotonated to the a*x orbital. Therefore, the C— X bond 
is weakened. Ultimately the C — X and C — H bonds are totally broken and the n 
orbital of ethylene is formed. 

The (/;„ - CTah,) interaction in AH 3 BH 2 can be enhanced by lowering the energy 
of the rr ah, level. As illustrated in 10.73, the 7 Tah, level is lowered by substituting 



H 



H 


H 
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electronegative ligands for hydrogens, by moving down a column in the periodic 
table for A (the overlap between p atomic orbital on A and hydrogen s becomes 
smaller), and by introducing a formal positive charge on AH 3 . In the phosphonium 
ylide CH 2 i*H 3 , 10.74, the 77p Hj level is low in energy and the (n 0 - 77 ph,) interaction 
(10.75) is maximized by having a planar carbanion center. 23-32 Similarly, the nitro- 


H_ 

H*" 





10.74 10.75 

gen center of N(SiMe 3 ) 3 is found to be planar 33 which maximizes overlap between 

the lone pair on nitrogen with 7r§j c . The traditional explanation for the stability 

of phosphonium ylides and planarity of the carbanion center has been ascribed to 
the intervention of d orbitals on phosphorus [or d orbitals on silicon for N (SiMe 3 ) 3 ] . 
The interaction shown in 10.75 is topologically equivalent to one utilizing d orbit- 
als. When electronegative groups (e.g., RO, F, etc.) are substituted at phosphorus, 
the 77* H3 level is lowered in energy and becomes a better n acceptor since it is more 
localized on phosphorus. It should be noted from 9.7 that there are two degenerate 
77p H3 orbitals. We have focused upon the 2e x component, as shown in 9.7. Rotation 
of the methylene group in 10.74 by 90° causes n a to interact with the 2e y compo- 
nent. Since the two acceptor orbitals on PH 3 are degenerate, the overlap of n a to 
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them is equivalent. In reality this only needs to be a 30° rotation. At any inter- 
mediate geometry, n a will interact with a linear combination of 2e x and 2e y . There- 
fore, even if there is strong 7r bonding in 10.74, the barrier to rotation about the 
P— C bond is quite small. 23-34 


10.6. AH 3 BH SYSTEMS 


An example of a 14-electron AH 3 BH system is methanol, CH 3 OH. Its stable con- 
formation 10.76 has the three electron pairs of CH 3 staggered with respect to those 
of OH in the bond orbital description. With a modified methyl group XCH 2 , in 
which X refers to an electronegative atom or group (e.g., X = halogen, OH, or NH 2 ), 
XCH 2 — OH gives rise to two staggered conformational possibilities 10.77 and 
10.78. In the anti conformation 10.77, each hybrid lone pair of oxygen is antiperi- 
planar to an adjacent o* H orbital. In the gauche conformation 10.78, one lone pair 
of oxygen is antiperiplanar to a a* H orbital while another is antiperiplanar to the 
a*x orbital. The a*x level is closer in energy to the oxygen lone pair, « 0 , than is 
a* H so that the (n Q o£x) interaction is favored over the (n Q - a* H ) interaction. 
This makes the gauche conformation more stable in XCI1 2 — OH. This bond orbital 


description is a straightforward application of the XCH 2 CH 2 problem. 


H 




10.76 





In the MO description of the problem, oxygen lone pairs of XCH 2 OH are repre- 
sented by the n„ and n a orbitals (10.79). 35-36 The n„ level is higher lying in energy 
than n„ . Of the possible interactions between these two lone pairs and the <j* x and 
Och orbitals of XCH 2 , the (n n - o* x ) interaction is the most favorable one in terms 
of the energy gap. This interaction is maximized when the X— C— O— H dihedral 
angle 0 is 90° as indicated in 10.80. The presence of the (n„ ct<;h). ( n ° - °cx). 
and (n a - o* H ) interactions, which attain their maximum stabilization at 0 values 
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e h 


10 .80 


other than 90°, makes the actual 0 value smaller than 90°. With the bond orbital 
description, the gauche conformation of XCH 2 OH is predicted by simply requiring 
one hybrid lone pair of oxygen to be antipcriplanar to ocx ■ In specifying various 
conformations of low-symmetry molecules containing OH groups, we will find it 
convenient to adopt a bond orbital description. 

A monosubstituted cyclohexane prefers an equatorial conformation 10.81a since 
its alternative, an axial conformation 10.81b, leads to unfavorable 1,3-diaxial inter- 




x 


I O . 01 o 


10. 81b 


actions. The conformational preference for the equatorial over the axial structure 
is diminished significantly in a tetrahydropyran ring which has an electronegative 
ligand X attached at a carbon adjacent to the oxygen (10.82). This kind of prefer- 


0 

I0.82a 


Q> 

10.82b 


ential stabilization of the axial over the equatorial conformation, known as the 
anomeric effect, 36 ' 39 can be readily explained. The equatorial and axial conforma- 
tions of 2-X -tetrahydropyran 10.82 are simply equivalent to the anti and gauche 
conformations, respectively, of XCH 2 OH, as depicted in 10.83. 

Besides this conformational preference, an (n Q - a*x) interaction brings about 
an important bond length change. The (n Q - a* x ) interaction, 10.84, is bonding 
between carbon and oxygen so that the C— 0 bond is strengthened and hence 
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shortened. It also leads to charge transfer into o* x , which weakens and hence 
lengthens the C— X bond. Consider, for example, the C— 0 and C— Cl bond lengths 
in cu-2,3-dichloro-l ,4-dioxane, 10.85. 38 The C2— Cl bond is axial and is antipcri- 
planar to a lone pair of 01 . The C3— Cl bond is equatorial and is not antipcriplanar 
to cither lone pair of 04. Consequently, the C2 — 01 bond is shorter than 04— C3, 
while the C2— Cl bond is longer than C3— Cl. 

Two conformationally locked 1,3-dioxanes are shown in 10.86, where 10.86a 

0 

C2 - 01 = 1 . 394 A 
03- 04 =1.428 , 0 85 

C2-CI = 1.819 
CS- Cl = 1.781 


10.86a 10.86b 

has each oxygen lone pair antiperiplanar to the C2— H bond while 10.86b has no 
oxygen lone pair antiperiplanar to the C2 — H bond. Thus, the C2 — H bond is 
weaker in 10.86a than in 10.86b. For the hydrogen abstraction of equation 10.8, 
the C2 — H bond of 10.86a is found to have a rate constant larger than that of 

r-BuO + R— H— » r-BuOH + R- (10.8) 

10.86b by about an order of magnitude. 90 A similar observation has been noted 
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for the cleavage of the tetrahedral intermediate in the hydrolysis of esters and 
amides . 41 ' 42 Specific cleavage of a carbon-oxygen and a carbon-nitrogen bond in 
the tetrahedral intermediate is allowed only if the other two heteroatoms (oxygen 
or nitrogen) each provide a lone pair oriented antiperiplanar to the leaving O-alkyl 
or yV-alkyl group. In general, determination of molecular reactivities by the relative 
orientation of the bond being broken or made and lone pairs on heteroatoms at- 
tached to the reaction center is known as stereoelectronic control . 37 ' 41,42 
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CHAPTER ELEVEN 


Orbital Interactions 
Through Space 
and Through Bonds 


11.1. INTRODUCTION 

In the previous few chapters, we showed how to construct the orbitals of a molecule 
in terms of orbital interaction diagrams. Many structural and reactivity problems 
can be rationalized by using arguments based upon the form and energy of the fron- 
tier orbitals. Thus a primary purpose of an orbital interaction diagram is to identify 
and characterize these orbitals and to understand the nature of those orbital inter- 
actions that control the form of the frontier orbitals. The magnitude of an orbital 
interaction depends not only upon through-space, direct interaction but also upon 
through-bond, indirect interaction. 1-4 In the following some structural and reac- 
tivity problems of organic molecules that utilize these concepts will be examined. 


11.2. IN-PLANE a ORBITALS OF SMALL RINGS 5 " 7 

A. CYCLOPROPANE 

In Section 5.3 we derived the orbitals of triangular H 3 and in Section 5.7 the tan- 
gential p orbitals of cyclopropenium. As shown in 11.1, cyclopropane may be con- 
sidered as made up of three methylene units. Each CH 2 unit uses its la, and b 2 
orbitals for C— H bonding. The remaining 2a, and b, orbitals, n„ and n„ respec- 
tively, are used to form the C— C bonds. 8 ’ 9 In terms of the n„ and n„ orbitals of 
each methylene unit, the in-plane a MOs of cyclopropane can be constructed as dis- 
cussed in these earlier chapters. The composite result is shown in 11.2, where the 
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a, and 2e orbitals result from the three n a orbitals as shown in 1 1.3, and le'and 
a 2 result from the three n„ orbitals as shown in 1 1 .4. Since the 2e orbitals of 1 1 .3 
and the le set oi 1 1.4 have the same symmetry, the two may mix together as shown 
in 11.5 and 11.6. 



11.6 
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The in-plane a orbitals of 11.2 (occupied by three electron pairs) describe the 
three C— C bonds of a cyclopropane ring, so that the a\ and \e orbitals are each 
doubly occupied. The le' set lies at a high energy compared to most C—C o orbitals. 
They are composed almost totally of carbon p character. Furthermore, thep orbitals 
are not directed toward each other on the internuclear axis as is the case in other 
cycloalkanes with larger dimensions. Therefore, the le' set behaves as a good elec- 
tron donor for cyclopropyl substituents. For the same reasons the a 2 orbital lies 
lower in energy compared to most C—C a* orbitals and can serve as an electron ac- 
ceptor orbital. The three C—C bonds of cyclopropane are equivalent since both of 
the le' pair of orbitals are occupied. The two components, however, have different 
capabilities of interaction with a ring substituent. For example, dimethylcyclopropyl 
carbonium ion is more stable in the bisected conformation 11.7a than in 11.7b. 10 
In fact, the rotational barrier between the two, as determined by NMR methods, is 
very large (~14 kcal/mol). 11 As shown in 1 1.8, this arises simply because the car- 



11. 8 


bonium ion p orbital, <p p , interacts effectively only with the \e x orbital. 1 " The 
resulting (<p p - le' x ) interaction is of the charge-transfer type, and leads to electron 
removal from the le* orbital as shown in 1 1.9. A direct result is a reduction in the 
antibonding interaction between C2 and C3 and in the bonding interactions between 
Cl and C2 and between Cl and C3. As a result, a good electron acceptor such as 
— CR 2> — C=N or — C0 2 R strengthens the C2— C3 bond while weakening the 
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Cl — C2 and Cl— C3 bonds. The most direct demonstration of this phenomenon 
comes from crystal structures. 13 A typical example is shown in 11.10. A related 
effect allows us to understand why the norcaradiene-cycloheptatriene equilibrium, 
shown in 1 1 .1 1 , is shifted toward the side of norcaradiene when the substituent R 




II.IO ll.ll 


is a good electron acceptor. The cyclopropyl portion of the norcaradiene molecule 
is stabilized by electron withdrawing groups. When R = H the compound exists 
solely as the cycloheptatriene tautomer, and when R = CN the equilibrium lies 
totally on the norcaradiene side. 5 

Protonation of cyclopropane seems to occur via edge attack as shown in 1 1 .12. 14 
This may be understood by considering the interaction of one component of the 
HOMO (le') with the empty Is orbital of the proton (1 1 .13). Notice that the form 


11.12 11.13 

of 11.13 is little different from the bridged isomer of C 2 Hs (see 10.51) where the 
bridging hydrogen s orbital interacts with the n orbital of ethylene. 1 1 .1 2 is another 
example of closed three-center-two-electron bonding. Bicyclo[3.1 .0]hexyl tosylates 
undergo solvolysis at a much faster rate than cyclohexyl tosylates. 15 Labeling studies 
in the first set of compounds have shown that the resulting cation in 1 1 .14 has C 3v 
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symmetry. In other words, each methine carbon possesses a formal 3 positive charge 
and there is a formal bond order of 3 between each nonadjacent methine carbon. A 
bonding orbital is formed, which resembles the y component of \e' and allows a 
stabilization to be associated with the delocalization of the positive charge in 11.14. 
The form of the orbital is shown in 1 1.15. Note that it is the equatorial tosylate 
isomer in 11.14 that exhibits increased reactivity. The C — OTs a* orbital is then 
ideally situated for overlap with the filled le^, level of the cyclopropane portion 
which facilitates loss of the tosylate anion in this solvolysis reaction. 



Let us examine the attack of a singlet carbene on ethylene which proceeds to 
give cyclopropane. 16 Shown in 11.16 are two possible approaches that a carbene 
might undertake. The important interactions (11. 17) are the destabilizing interaction 
("o “ tfcc) and a,so tlie stabilizing interactions (n„ - 7r cc ) and (n a - n* c ). In the 
least-motion attack, 1 1.16a, the orbitals associated with the (n„ - 7r cc ),(« ff - 7r cc ), 
and (n a - ir*c ) interactions are arranged spatially as in 11.18a, 11.18b, and 11.18c, 

11.16 ^>c: — r 

a b 
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respectively. It is clear that in this geometry both of the stabilizing interactions vanish 
by symmetry, while the destabilizing interaction remains. In the non-least-motion 
attack 11.16b, the orbitals associated with the (n a - n cc ), (n„ - 7r cc ), and (n 0 - 
■n* c ) interactions are arranged as in 11.19a, 11.19b, and 1 1.19c, respectively. Here 










a b c 


neither of the stabilizing interactions vanishes, while the destabilizing interaction is 
diminished in magnitude. Consequently, the initial approach of a carbene to eth- 
ylene is predicted to undergo a non-least-motion approach such as 1 1 ,16b. 


B. CYCLOBUTANE 


By analogy with cyclopropane, cyclobutane may be constructed from four meth- 
ylene units (11. 20). 17 For convenience, the molecule will be considered to have a 
square planar rather than puckered structure. In terms of the n a and n„ orbitals of 
each methylene, the a MOs of cyclobutane are obtained by extending the results of 
Sections 5.4 and 5.7. This is summarized in 11.21. The a lg , 2e u , and b 2g orbitals 



11.20 11.21 

arise largely from the four n„ orbitals as shown in 11.22, while the b lg . le u , and 
a 2g orbitals arise from the four «„ orbitals as shown in 1 1 .23. The 2e u orbital of 
1 1 .22 and the 1 e u orbital of 1 1 .23 have the same symmetry , and so mix together as 
shown in 1 1.24 and 11.25. Because of the flexibility allowed in the description of 
degenerate sets of orbitals, the le u set of 1 1 .24 may be combined to give the alter- 
native set of 1 1 .26. Similarly the 2e u pair of 1 1 .25 may be manipulated to give the 
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orbitals of 11.27. With four electron pairs, the four o-bonding orbitals a lg , b lg , 
and le u are occupied and the four C — C a bonds of cyclobutane result. 

Consider now the concerted dimerization of ethylene in 11.28. The frontier 
orbital interactions of this reaction are the (7r cc - ^cc). ( w cc - w cc)> ancl (^cc " 
vr cc ) interactions shown in 11.29. The one destabilizing interaction (tt C c - ^cc) is 
nonzero as can be seen from 11.30a, while the stabilizing interactions (7r cc - ttcc) 
and (ttcc " Jr C c) vanish as shown in 1 1 .30b and 1 1 .30c, respectively. As two ground 
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a b c 


11.30 

state ethylene molecules approach each other in 1 1 .28, a strongly repulsive barrier 
is encountered. The orbital correlation diagram for this reaction is shown in Figure 
H I ^ ^actant side, the 7 r cc orbitals of two ethylenes lead to the n + and 
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FIGURE 11.1. An orbital correlation diagram lor the concerted dimerization reaction of 
ethylene. 

MOs, while the two ir? c orbitals lead to the n* and ir* MOs. In the initial stage of 
the dimerization, the interaction between two ethylenes is weak so that n and rr. 
lie far below the ff * and ir* levels, so that only rr + and rr. are occupied. Of the a 
orbitals of cyclobutane described earlier, only those related to the 7i+, tt_, rr;, and rr. 
levels by symmetry are shown in Figure 1 1.1. Not all the occupied MOs of the re- 
actant lead to occupied orbitals in the product. In particular, rr. correlates with one 
component of the empty 2e„ set in cyclobutane. The vt combination ultimately 
becomes one component of the filled \e u set in cyclobutane. So the reaction is 
symmetry forbidden. The reader should carefully compare the correlation diagram 
for ethylene dimerization here with the H 2 + D 2 reaction in Figure 5.8. The two 
correlation diagrams are very similar, as they should be, since in tins instance the 
spatial distributions of 7 r and rr* are similar to those of o g and a u , respectively , in 
H 2 . These two reactions are probably the premier examples of symmetry-forbidden 
reactions. A related symmetry-allowed example is the concerted cycloaddition ot 
ethylene and butadiene, the Diels-Alder reaction. We shall not cover the orbital 
symmetry rules for organic, pericyclic reactions. There are several excellent reviews 
that the reader should consult. 18 ’ 23 But it should be pointed out that the orbital 
symmetry rules have stereochemical implications in terms of the reaction path and 
products formed. The development of these rules by Woodward and Hoffmann 
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revolutionized the way organic chemists think about reactions. We shall return to 
some reactions related to ethylene dimerizations in later chapters where a transition 
metal ML„ unit is inserted between two methylene units of the olefins. 

Tricyclooctadiene 11.31 readily rearranges to semibullvalene 11.32b at room 
temperature. The experimental evidence for this reaction is consistent with the for- 
mation of the diradical 11.32a. However, a similar molecule 11.33 is found to be 
quite stable. Note that 11.31 contains a cyclobutane ring 1,3-bridged by two eth- 
ylene units, and 1 1 .33 contains the same four membered ring but 1 ,3-bridged by two 
butadiene units. The above-mentioned difference between 11.31 and 11.33 can be 
studied in terms of the simplified model systems 11.34 and 11.35, respectively. 24 



11.33 11.34 11.35 


The frontier orbital interactions between the ethylene and cyclobutane units in 
1 1.34 are shown in Figure 1 1.2. It is easy to see that the HOMO-LUMOgap of 1 1.34 
is smaller than that for ethylene itself because of interaction with the cyclobulane 
ring. The 7r orbital overlaps with one component of the filled 1 e u set on the cyclo- 
butadiene portion and is destabilized, whereas v* is stabilized by the empty a 2g 
orbital. The opposite effect occurs with the butadiene unit of 11.35. The frontier 
orbital interactions between the butadiene and cyclobutane units in 1 1 .35 are shown 
in Figure 1 1 .3. The HOMO-LUMO gap of 1 1 .35 is enhanced with respect to that of 
butadiene. Now the HOMO of butadiene, 7r 2 , is of correct symmetry to be stabilized 
by a lg on the cyclobutane fragment and the LUMO, n 3 , is destabilized by one com- 
ponent of the \e u set. Notice that these different results for the two molecules 
emerge as a direct consequence of the nodal properties of the u orbitals of the 
ethylene and butadiene fragments. A molecule with a small energy gap between the 
HOMO and LUMO is susceptible to a distortion that allows orbital mixing between 
them (i.e., a second-order Jahn-Teller distortion). According to Figure 11.2, the 
LUMO of 11.34 has some contribution of a 2g which is antibonding between the 
carbon atoms of the cyclobutane ring. Thus any asymmetrical distortion of 1 1 .34 
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FIGURE 11.2. A simplified orbital interaction diagram for 11.34. 

that allows the mixing of the LUMO into the HOMO would effectively weaken the 
bonding between the carbon atoms of the cyclobutane ring. This is consistent with 
the cleavage of a C-C bond in 11.31 to produce the diradical 11.32a. Since the 
HOMO-LUMO gap in 1 1.35 is predicted to be quite large, the driving force for an 
analogous second-order distortion is lost. Although 1 1 .33 should have approximately 
the same strain energy as 1 1 . 31 , nonetheless it is thermally more stable. 


^ ^ 



FIGURE 11.3. A simplified orbital interaction diagram for 11.35. 
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11.3. THROUGH-BOND INTERACTION 1 " 4 

A. THE NATURE OF THROUGH-BOND COUPLING 

Conceptual fragmentation of a molecule allows us to readily construct its MOs in 
terms of linear combinations of fragment orbitals. How a given molecule should be 
fragmented depends upon the simplicity of the resulting orbital interaction picture. 
Given a pair of orbitals located on two molecular fragments, direct through-space 
interaction between them leads to two energy levels described in the usual in-phase 
and out-of-phase combinations. Typically, the in-phase combination is lower in 
energy than the out-of-phase one. However, this level ordering is not always found 
to be correct if the fragment orbitals involved further interact with the orbitals of 
a third fragment. We encountered a similar situation in Chapter 7.6. 

As an example, let us consider the two lone pair levels in diazabicyclooctane 
1 1 .36. The direct, through-space interaction between the hybrid lone pairs of nitro- 
gen lead to the symmetry-adapted levels n, and shown in 1 1 .37. Because of the 


11.36 



©O 

n 



@*3 O® 

" + 

large distance between the two hybrid lone pairs, the energy difference between 
n+ and n. is expected to be small. However, both calculation and experiment show 
a large splitting between the m + and w_ levels. The first two bands in the photoelec- 
tron spectrum of 11.36 (maxima at 7.52 and 9.65 eV), to which n + and »_ is the 
major contributor, show vibrational fine structure. 25,26 Comparison of this with 
the normal vibrational coordinates 27 of 1 1 .36 shows that the vibrational frequencies 
of the bands centered at 7.52 and 9.65 eV are primarily associated with C — C stretch- 
ing and CNC bending, respectively. 26 In addition, analysis of the overlap popula- 
tions of the C— C and C — N bonds in 1 1.36 and its cation suggests that electron 
removal from and «_ should mainly induce C— C stretching and CNC bending 
deformations of the molecular frame of 11.36, respectively. 26 Consequently, the 
«+ and n, levels are responsible for the bands centered at 7.52 and 9.65 eV, respec- 
tively, 26 namely, « + lies higher in energy than This counterintuitive ordering is 
due to the fact that each hybrid lone-pair orbital of nitrogen cannot be considered 
in isolation. They do interact with the a and a* orbitals associated with the inter- 
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vening C— C bonds. This kind of indirect effect is called through-bond interaction. 
The essence of through-bond interaction for the diazabicyclooctane system can be 
analyzed by a simplified system 1 1 .38. Shown in 1 1 .39 are the interactions of the 
n+ and /i_ orbitals with the C— C a and o* orbitals. Compared with the through- 
space 1 ,4-interaction between the nitrogen centers, the 1 ,2-interactions (n + - a) 
and (n_ - o*) are strong. As a result, the energy of the n t and n_ levels are raised 
and lowered, respectively, by the a and a* levels. Ihis leads to a large splitting be- 
tween the levels which we can still describe approximately as n+ and n_. A closely 
related example is the pyrazine molecule, 11.40. Then., combination of the nitrogen 
lone pairs has been experimentally shown to lie 1.72 eV higher in energy than the 
combination. 28 



Competition between through-space and through-bond interactions often gives 
rise to interesting results. For example, let us consider tricyclo-3,7-octadiene which 
can adopt either the anti or the syn structure shown in 11.41a and 11.41b. respec- 
tively. In the anti structure the through-space interaction between the double bonds 
is negligible. However, photoelectron studies of 11.41 reveal that the difference be- 
tween the first and second ionization potentials (AIP), which is a measure of the 
extent the v levels are split, is larger in the anti than in the syn structure (AIP = 0.97 
and 0.36 eV for 11.41a and 1 1 .41b, respectively). 29 Asshownin 11 . 42, the through- 
space interaction in 1 1 .41a is small so that w + is only slightly lower than i r_. Follow- 
ing our discussion of Section 1 1 .2B, the in-plane o orbitals of the cyclobutane ring 
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11.42 


that can interact with 7r+ and ir. are the b, g and 2e u levels, respectively, shown in 
1 1.42. Due to the through-bond interactions (tt + - b ifl ) and (tt. - 2e u ), the tt + and 
n. levels are raised and lowered, respectively. The through-space interaction of 
1 1.41b is large as shown in 1 1.43. which gives rise to a large splitting between 7r + 



11.43 b ig 

and 7T_, with 7r + below 77_. This level ordering is altered by the through-bond inter- 
actions (7T + - and (7T. - 2e u ). What determines the magnitudes of these inter- 
actions in 11.41a or 11.41b are the 1,2-interactions of the double bond carbon 
atoms with the cyclobutane ring. Thus the through-bond interactions are nearly 
the same in magnitude in 1 1.41a and 1 1.41b. Consequently, the raising of n+ and 
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the lowering of tt_ by the through-bond interactions in 1 1 .41 b lead to an effective y 
smaller gap between rr_ and tt + , compared with the corresponding value of 1 1.41a. 
In other words, the greater through-space interaction in the syn isomer induces a 
smaller AIP value because of the opposing effect of through-bond interaction. 

B. OTHER THROUGH-BOND COUPLING UNITS 

As discussed above, the concept of through-bond interaction arises when a mole- 
cule is regarded as being composed of three fragments. Two ol these fragments 
typically carry lone pair orbitals, radical p orbitals or double bond n orbitals the 
in-phase and out-of-phase combination of which lead to the frontier orbitals of the 
whole molecule. The energy ordering of these combinations is affected by the ,2- 
interactions associated with the remaining fragment, a through-bond coupling unit. 
Our discussion of the previous section was limited to through-bond interactions oc- 
curring via three intervening a bonds. It is important to examine how through-bond 

interactions are affected by the length of the coupling unit. 

Schematically shown in 11.44 and 11.45 are two p orbitals coupled via the a- 
bond framework of four and five single bonds, respectively. The 1 ,2-interactions 
associated with both ends of each coupling unit are indicated by dashed lines. 1 bus 
11 44a is a simplified representation of 2,7-dehydronaphthalene, 11.46a; 1 1.45a is 
analogous to the extended conformation of 1 ,3-diaminopropane 1 1 ,46b ; and the 
coupling of the n orbitals in the basketane precursor 1 1.46c can be represented by 





a b c 


11.44c. In the examples of 11.46 the o-bond framework which is involved in the 
through-bond coupling (i.e.. the coupling unit) is highlighted by a thickened line. 
For simplicity, we may represent each <j bond of a coupling unit by o and o bond 
orbitals Then the HOMO and LUMO of the coupling unit are approximated by the 
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most antibonding combination of the a orbitals and by the most bonding combina- 
tion of the a* orbitals, respectively, as summarized in 11. 47. 30 By considering only 



11.47 


a b 

the 1 ,2-interactions with these frontier orbitals, through-bond interactions in 1 1 .44- 
11.45 can be easily estimated. For example, in 11.44c, the through-space and 
through-bond interactions reinforce each other as shown in 11.48. In 11.44b, the 
through-space interaction is negligible but the through-bond interaction is as 
strong as that in 1 1 ,44c to a first approximation (see 1 1 .49). Consequently, the 



11.48 



11.49 

energy gap between n + and «_ is larger in 11.44c than in 11.44b. This conclusion 
remains valid when the p orbitals of 11.44-11.45 are replaced by hybrid lone pair 
orbitals or by double bond it orbitals. Photoelectron studies show that the AIP 
values of 1 1.50a and 11.50b are 1.26 and 0.44 eV, respectively, 13 consistent with 
the analysis given above. 
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The magnitude of the through-space interaction decreases sharply with the dis- 
tance between the interacting groups. However, the magnitude of a through-bond 
interaction attenuates slowly with increasing the length of its coupling unit. This is 
due to the fact that a through-bond interaction is governed primarily by the 1 ,2- 
interactions associated with both ends of a coupling unit. In the HOMO and LUMO 
of a coupling unit, the weights on both ends diminish slowly as the length of a 
coupling unit increases. 


11.4. BREAKING A C-C BOND 

In previous chapters we discussed the ways reagents attack organic substrates (e.g., 
nucleophilic substitution, addition reactions and elimination reactions). Let us ex- 
amine some interesting ways that C— C bonds can be broken in a homolytic manner 
which, in turn, lead to unusual predictions concerning reaction paths or intermediate 
structures. We start this discussion with a simple example of homolytic C Cbond 
cleavage in an alkane. A correlation diagram for this process is displayed in 11.51. 

r- -R 


I 1.51 

The o bonding level between the two alkyl groups rises in energy as the C C bond 
distance increases and a* is stabilized. When the distance between the two radicals 
is large, the overlap between the two p orbitals is negligible so we again have a typical 
diradical situation of two closely spaced orbitals with two electrons to put in them. 
We will sidestep the issue of how to correctly describe the electronic states (see 
Section 8.10) that are created on the product side of 11.51, but note that the o 
level at no time crosses a* along the reaction path. 

1 1 ,52a is an example of a class of molecules called propellanes. The strain energy 
of the molecule has been estimated to be about 90 keal/mol 33 so one might think 
that the molecule is incapable of existence. The central C — C bond is expected to 





a b c 

be extraordinarily weak and rupture of it to the diradical 11.52b should require 
little, if any, activation energy. Yet an amide derivative of 1 1 ,52a has been isolated 
at -30°C. 34 It decomposes, presumably via 11.52b, with an activation energy of 
22 kcal/mol. The reason behind the unexpectedly high activation energy associated 
with this homolytic cleavage is outlined in 1 1 .53. 35 In diradical 1 1 ,52b the through- 
bond interaction provided by the three C— C bonds parallel to the two p orbitals 
ensures that the n _ level lies below n + , with a large splitting between them. This is 
identical to the lone pair-splitting problem in diaza [2.2 .2] bicyclooctane, 11.36. 
By correlating orbitals that have the same symmetry in 1 1 .53 (a mirror plane which 
bisects the C— C linkage), one can see that this reaction is symmetry forbidden. 
Therefore, 1 1.52a is separated from singlet 1 1.52b by a sizable barrier. 



11.53 

When two or more stable conformations of a molecule, related to each other by 
a simple bond stretching, differ in their electronic configuration, this is called bond- 
stretch isomerization. In the 1 1.52a -*• 1 1.52b bond-stretch isomerization the singlet 
diradical is actually not stable. It undergoes a symmetry-allowed fragmentation to 

I . 4-bismethylenccyclohexane, 11.52c. 35 But there are other ways to stabilize a 
diradical. Solvolysis of 11.54 or protonation of 11.55 initially generates the car- 
bonium ion 11. 56. 36 The central C— C bond in the bicyclobutane portion of the 
molecule is again weakened by strain and so bond-stretch isomerization of 11.56 to 

I I. 57 should be possible. Now the antisymmetric combination of the two p orbitals 
which form the diradical is markedly stabilized by a through-space interaction with 
the empty p orbital on the carbonium carbon. This is illustrated in 11.58. The 
symmetric combination, 1 1.59, cannot interact with the carbonium carbonp orbital. 
So there is a large splitting between Tilled 11.58 and empty 11.59. A correlation 
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11.54 11.56 11.55 


Me 



11.58 1159 

diagram for the 1 1.56 -> 1 1.57 interconversion in the parent compound C s Hj is 
illustrated in Figure 11.4. 37 On the left side are the o and o* orbitals of the C— C 
bond which will be broken along with the p orbital at Cl - These orbitals are clas- 
sified as being symmetric (5) or antisymmetric (A ) with respect to a mirror plane 
which contains Cl , C2, and C4 and bisects the C3— C5 bond. The right side of this 
figure displays the relevant three orbitals of diradical 1 1 .57. A bond-stretch process 
that conserves this mirror plane is symmetry forbidden. Calculations at all levels 
indicate that the “closed” bond-stretch isomer (analogous to 11.56) is less stable 
than the “open” form (11.57). All experimental evidence 38 ’ 39 is also consistent 
with this, so the through-space interaction provided by 11.58 does indeed greatly 
stabilize this diradical. 

Let us now consider in more detail how the 11.56-*- 11 -57 rearrangement is 
likely to proceed. A measure of how much the C3— C5 bond is stretched can be 
given by the angles a and (3, as defined in 1 1 .60. Implicit in the correlation diagram 
of Figure 11.4 was that a = (3 = -140° for the “closed” isomer and ~90 for the 
“open” one. Conservation of the mirror plane requires that a - (3 for ail points along 
the reaction path . When a = 0 = 1 20° the geometry of the molecule is D v , . The three 
MOs used in Figure 11.4 then transform as a 2 and e' symmetry, 11.61. This is the 
geometry where the HOMO— LUMO crossing occurs. The e set is half-filled and 
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FIGURE 1 1 .4. A simplified correlation diagram for bond stretch isomerization in C 5 Hs. 

there must be a non-least-motion way to avoid it. This requires that a and /3 in 1 1 .60 
will vary at different rates along the true minimum energy reaction path. The po- 
tential energy surface has the shape shown in Figure 7.5. The coordinates along 
two edges of the triangle in this figure are a and 0. Structures A, B, and C are three 
possible (equivalent) “open” isomers in C s Hs. The transition state(s) which inter- 
connects them, D , is actually the “closed” bond-stretch isomer. Finally the high 


5 



11.61 
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energy point E at the center of this surface represents the Jahn-TeUer unstable 

structure where a = (3= 120°. t . 

There is something more unusual about the electronic structure of the open 
isomer, redrawn in 11.62. A bond-switching process converts 11.62 into 11.63 by 
way of 11.64. This is a symmetry-allowed reaction . 31 Notice that the symmetry oi 



1 1 .62 1 1.64 1 1.63 


11.62 and 11.63 is C 2 „ while that in 11.64 is C 4u . All experimental evident on 
derivatives of C 5 H? indicate that the symmetry of the parent cation is C 4v . 

In other words, 1 1 .64 is the ground state of this stabilized diradical, not 11 .62. 1 he 
bonding in 11.64 is best described in terms of the interaction diagram in figure 
1 1 .5. On the left side are the ir orbitals of cyclobutadiene (see Sections 5.4 and 5.7) 
and on the right are the fragment orbitals for Cl l 4 (see Section 9.1 A). The fragment 
orbitals are given symmetry labels consistent with the C 4v symmetry of the molecule. 
Both fragment orbitals of a, symmetry combine to produce a bonding (la,) and 



FIGURE 11.5. An orbital interaction diagram for C 5 H 5 . The fragment orbitals are labeled 
according to the C 4v symmetry of the molecule. The highest energy C 4 H 4 orbital has been left 
off for simplicity. 
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antibonding (2a,) MO. Likewise the e set on both fragments overlap substantially 
to produce a bonding (le) and antibonding (2e) set. The highest u level of cyclobu- 
tadiene remains nonbonding. There are a total of six electrons in these valence or- 
bitals which fill the la, and le levels. These filled bonding MOs are shown in 1 1.65. 


11.65 


lo j >e 

It can be seen that la, and one member of the le set correspond to symmetry- 
adapted combinations of the two C— C a bonds between the apical C — H unit and 
the four-membered ring as were explicitly drawn out in the classical structures of 

11.62 or 11.63. The other member of the le set is then identical lo the lowest 
(filled) orbital of Figure 11.4. So this delocalized picture in Figure 11.5 suggests 
that there is actually little difference between 1 1 .62 (and 1 1 .63) and 1 1 .64. In fact, 

1 1.62 and 11.63 can be regarded as resonance structures which contribute to the 
electronic structure of the C S HJ isomer with C 4u symmetry. Such delocalized pic- 
tures of cage molecules will form the basis of Chapter 22. The C 4v structure 1 1 .64 
of C 5 H 5 is not unusual when viewed in the context of cage and cluster molecules 
in general. There are dearly four equivalent C— C distances between the apical 
carbon and the remaining four basal carbon atoms and a total of six electrons in 
the bonding MOs (11.65). Therefore, one can view each apical-basal interaction as 
containing 1 .5 electrons. In other words, this is another example of electron de- 
ficient bonding. Two-center-two-electron bonding between the apical and basal 
carbons is not going to be an energetically favorable situation. There would then be 
eight electrons in the interaction diagram of Figure 1 1.5. The extra two electrons 
will need to be placed in the antibonding 2e set. 

A number of other carbocations similar to C s Hs have been studied, the most 
notable being C 6 Me£ 4 . It has been demonstrated 110 ' 41 that the structure of this ca- 
tion is C Sv , 1 1.66, rather than a rapidly equilibrating series of classical structures, 
11.67, where a bond-switching process permutes three two-center-two-electron 



"•66 11.67 

bonds around the five-membered ring. An orbital interaction diagram for 11.66 
where all methyl groups have been replaced by hydrogen atoms is shown in Figure 
11.6. The 7 r orbitals of a cyclopentadienyl cation have been taken from Sections 
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FIGURE 11.6. An orbital interaction diagram for C 6 H|*. The fragment orbitals are labeled 
according to the C s „ symmetry of the molecule. 

5 6 and 5 7. The bonding in C 6 H? + has several features in common with CjHj. 
Again the three fragment orbitals of the CH + “capping” unit find good matches in 
overlap and energy with the three lowest n orbitals in the cyclopentadienyl cation 
fragment. Three bonding MOs (In, + le,) are produced. Six electrons nicely fill 
these orbitals. A compound with two more electrons, C 6 H 6 , cannot have this C* 
structure because the antibonding 2e l is half-filled. The intracluster bonding be- 
tween the apical CH unit and the five basal carbons is again electron deficient 

The pattern we have presented here for C s Hj and C 6 H 6 + can be attended to 
any type or number of capping units and any size of carbocyclic ring. * A stable 
electronic configuration is achieved when there are six intracluster electrons parti- 
tioned between the capping unit and carbocyclic ring. The C 4u structure of L 5 H 5 
and even the existence of C 6 H l* may be unsettling to organic chemists. We have 
noted above that such “unusual” arrangements fit in to quite a general pattern when 
considered in the wider context of cage and cluster molecules. In fact, C s Hj ana 
C fi Hl + are a small subset of fully categorized compounds that have identical shapes 
and bonding features. We shall return to C 5 H 5 + and C 6 H? + to explore these relation- 
ships in the last two chapters of this book. 
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CHAPTER TWELVE 


Polyenes and 
Conjugated Systems 


12.1. ACYCLIC POLYENES 

Here wc will build up in general the it orbitals of a conjugated chain of N carbon 
atoms. We can start from the simple case of ethylene shown in Figure 12.1 and add 
on an extra orbital to get to allyl (Figure 12.2). We will not spend any time describ- 
ing how the form of these orbitals actually come about since this three orbital prob- 
lem is identical to the H 3 problem in Section 4.8. The result is a low energy orbital, 
bonding between each pair of adjacent atoms, a higher energy nonbonding orbital 
with a node at the central atom, and a higher lying orbital which is antibonding 
between both pairs of adjacent atoms. Figure 12.3 shows the orbitals of the low- 
est few polyenes which may be built up in a similar way. Although we have drawn 
the carbon backbone in a straight line for simplicity, these orbitals arc applicable to 
real systems with perhaps very different geometries. For example, the pentadicnyl 
orbitals apply to all the species in 12 . 1 . There are some general rules which guide us 
in their derivation. 




1. As their energy increases, the orbitals alternate in parity with respect to a 
mirror plane which bisects the rr system. The lowest energy orbital is always 
symmetric with respect to this plane. 
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FIGURE 1 2.3. The pn orbitals of the first few linear chain polyenes. No attempt has been made to 
represent the different orbital coefficients. The orbitals arc labeled either symmetric or antisymmetric 
with respect to the mirror symmetry which bisects the length of the chain. 
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2. The number of nodes increases by one on going from one orbital to the one 
next highest in energy. The lowest energy orbital always has zero nodes 
(bonding between each pair of adjacent atoms) and the highest energy or- 
bital always has nodes between every adjacent pair (i.e., it is antibonding 
between all such pairs). 

3. Nodes must always be symmetrically located with respect, to the central 
mirror plane. 

4. In systems with an odd number of atoms, the antisymmetric levels always 
have a node at the central carbon atom. 

In the next section we use simple Huckel theory to quantify these results. 


12.2. HUCKEL THEORY 1 " 3 


Conjugated tt systems in carbon compounds represent one of the few areas where 
simple algebraical expressions may be easily derived for the orbital energies and 
wavefunctions. The basis of Hiickel’s approach is very simple indeed. Since all the 
pir orbitals arc antisymmetric with respect to reflection in the plane of the molecule, 
and the a type orbitals by definition are symmetric with respect to this symmetry 
operation, then there is no overlap between the two sets. So one can treat the rr 
orbitals alone when using a one-electron theory as implicitly assumed in Section 
1 2.1 . In the approach interactions are ignored between pn orbitals located on atoms 
which are not directly linked via the o framework, and the overlap integrals be- 
tween all pairs of pn orbitals, whether directly linked or not, are set equal to zero. 
The energy of each carbon p orbital before interaction (Coulomb integral) is put 
equal to a (= <?“) and the interaction energy between two adjacent pn orbitals equal 
to (3 (= Htj), the resonance integral. The secular equations (Section 1 .3) describing 
the interaction of the two pn orbitals in ethylene are then 


(a - e)cj + |3c 2 = 0 
fiCi + (a - e)ci = 0 


(12.1) 


where e is the energy of the resulting molecular orbital and c r and c 2 the coeffi- 
cients of the atomic orbitals on atoms 1, 2, that is, t/t =c,Xi +^ 2 X 2 - The secular 
determinant is then 


with roots 


a - e 0 


= 0 

a - e 

(12.2) 

e = a ± 0 

(12.3) 


for the energies of the two orbitals, a, (3 are both negative so the plus sign refers to 
the bonding level and the minus sign to the antibonding one. Substitution oi e = 
Q' + /3 into either of the equations 12.1 gives the relationship c, =c 2 and substitu- 


212 


POLYENES AINU C.UINJ UOA I tu SYSTEMS 


tion of e — a - /3 gives Cj - c 2 . Since interatomic overlap has been neglected the 
normalization condition is very simple and leads directly to the numerical values for 

1 = dr = c?c, J'xfXi dT + c$c 2 J'xiXidr 

= c\ + c\ (12.4) 

the orbital coefficients (equation 12.5). 

'/'bonding = (Xl + X 2 ) 

, 02 - 5 ) 

& antibonding = (Xl _ X 2 ) 

This then is the very simplest type of one-electron model we could imagine with 
a very basic form of the wavcfunctions and a two-parameter form for the energies. 
In principle it is then a straightforward matter to generate the energy levels and 
orbital coefficients for any conjugated system, whether acyclic, cyclic, polycyclic, 
or generally complex, by solution of the relevant determinant. Equation 12.6 shows 
the secular determinant for allyl 12.2. Since atoms 1 and 3 are not directly con- 

12.2 

nected, a zero appears in the 1, 3 and 3, 1 positions. The roots, obtained by solu- 
tion of the resulting cubic equations are shown in Figure 12.4a. The orbitals of bu- 

a - e (3 0 

& a-e (3 =0 (12.6) 

0 p a-e 

tadiene arc shown in Figure 12.4b and are obtained by solving the secular determin- 
ant (a quartic equation this lime) for the four-orbital problem. The orbitals of this 
species may also be derived along exactly analogous lines to those used for the linear 
Il 4 problem of Section 5.3. Similarly the pattern for linear H 3 looks just like that 
for allyl. 

Simple functions describe both the energy levels and orbital coefficients for 
these acyclic systems. The energy of the ;th MO for a system with N pn orbitals is 
given by 

e/ = a + 2/3cos-~^y (12.7) 

As the number of orbitals in the chain increases, the energy of the highest energy 
molecular orbital tends to a - 2/3 and that of the lowest to a+ 2/3. The orbital co- 
efficient for the /-th atomic orbital in molecular orbital 1 J// where / runs from 1 to 



CYCLIC SYSTEMS 21 



0.37 0.60 0.60 0.37 


FIGURE 12.4. The Htickel n energy levels and coefficients of the (a) allyl and (b) butadiene 
systems. 


N, is given by 



( 12 . 8 ) 


The corresponding functions for cyclic systems are described in the next section. 
The energy levels and orbital coefficients for more complex systems are to be 
found in the mammoth compilation of Streitweiser and Coulson . 4 


12.3. CYCLIC SYSTEMS 

Just as the 7 r orbitals of the linear three- and four-atom chains formed molecular 
orbital patterns identical to those of linear H 3 and H„ in Chapter 5, so there is a 
one-to-one correspondence between the orbitals of cyclic polyenes and those de- 
rived lor cyclic H„ units. Figure 12.5 shows the orbitals of cyclic C 3 — C 6 system 
lor comparison. There are several patterns which emerge. 
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FIGURE 12.5. The n orbitals of the first few cyclic polyenes. 


1 . The number of nodes increases by one on going from one orbital to the one 
next highest in energy, as in the linear case. The lowest energy orbital has no nodes; 
each degenerate pair of orbitals has the same number of nodes. 

2. The lowest energy orbital is always nondegenerate. All other orbitals come 
as degenerate pairs except in even-membered rings where the highest energy orbital 
is also nondegenerate (12.3). In group theoretical terms fora cyclic Adatom ring 



even odd 

there are /V orbitals, each corresponding to a different representation of the cyclic 
group of order N, as we will see below. 

Algebraically the levels of the cyclic polyenes may be derived using simple Huckel 
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theory. The general result is given in equation 12.9 for the energy of the ;'th level 
for a cyclic system containing N atoms 


2/ir 

e,=a + 20 cos 


(12.9) 


j runs from 0, ±1 , ±2 . . . [±N/2 for N even or ±(N - l)/2 for N odd] . The very sim- 
ple form of this equation leads to a useful mnemonic for remembering the energy 
levels of these molecules. Draw a circle of radius 20 and inscribe an yV-vertex poly- 
gon such that one vertex lies at the six o’clock position. The points at which the 
two figures touch define the Huckel energy levels as in 12.4. This construction is 


a-2jS 


a + 2/3 


called a Frost circle. The form of the coefficients of the pth atomic orbital in the 
wavefunction with an energy set by equation 12.9 is given by equation 12.10 

*' - £ " w t (12 ' 10) 



1 n r 

" W [• 


( 12 . 10 ) 


Here i is the square root of -1. As in equation 12.9,/ runs from 0, ±1, ±2 . . . .We 
shall see below, and, very importantly, in the next chapter, that this complex form 
of the wavefunction is very useful. It is interesting to see where this expression 
comes from. Group theory provides the answer. The molecular point group of, for 
example, benzene is D 6h . However, the group C 6 is the simplest one we can use 
which will generate the tr orbitals of the molecule. Table 12.1 shows its character 
table. The reducible representation for the basis set of six 7r orbitals is 


( 12 . 11 ) 


which reduces to a + b + <?, + e 2 , that is, two nondegenerate orbitals and two degen- 
erate pairs as shown in Figure 12.5. Now symmetry-adapted linear combinations 



E 

c 6 

c 3 

c 2 

Cl 

Cl 

D 

6 

0 

0 

0 

0 

0 


TABLE 12.1 Character Table for the C& Group 


C 6 

E 

C 6 

c 3 

c 2 

cl 

cl 

e = 

exp(2iri/6) 

A 

+1 

+1 

+1 

+1 

+1 

+ 1 

2 

x 2 +T 2 , z 2 

B 

+1 

-1 

+1 

-1 

+1 

-1 



E, 

r 1 

e 

-e* 

-1 

~£ 

e* 

x + iy 

(xz,yz) 


i+i 

e* 

-e 

-1 

-e* 

e 

x - iy 


e 2 

i +i 

-e* 

-e 

+1 

-e* 



(x 2 - y 2 ,xy) 


\+i 

-e 

-e* 

+1 

-e 

-e*J 





may be generated by using the characters of Table 12.1 and equation 4.8. They be- 
come [with e = exp(2? rz/6)] 

lK«)«X. +Xa+Xs + X« + Xs+X« 
i - X 2 +X3-X^+Xs-X6 
& tel) “ Xi + ex 2 - e*X3 - X4 - ex 5 + e*Xe 
'PM a X i + e*X 2 - ex 3 - X4 ' e*xs + £X6 02.12) 

^ O2) * Xi - e*X2 - e X 3 + X4 - e*Xs - eXs 
He,y “ X2 - ex 2 - e*X3 + X 4 - e Xs - e*Xs 

which are identical to the form of the functions from equation 12.10, without the 
normalization constant, for this case. Thus the exponential in equation 12.10 repre- 
sents the character of the/th irreducible representation of the cyclic group of or- 
der N. Note that the complex description of the orbitals only shows up in equation 
12.12 tor the degenerate molecular levels. These may be rewritten in a simpler way. 
A linear combination of the wavefunctions of a pair of degenerate orbitals (e.g., 
/' = +l, -1 or / = + 2, -2 etc.) produces two new orbitals which are equivalent in 
every respect. We can then recast the functions of equation 12.10, by making use 
of the trigonometric identity exp (ix) = cos x + i sin x. The result is given by equa- 
tion 12.13. 


^/' = 2^ i + ' p - l)s T7W £ [ cos 

^ = [sin 


2ff/(p- 0" 


2nj(p ])‘ 


(12.13) 


Let us return, however, to equation 12.10 and see how this wavefunction simply 
leads to the energies of equation 12.9. From 12.5 it is easy to see that the energy 


< c , H >n-3 


pi <p-i>r 


c Pi c <P+0j' 3 


of the orbital is given by 

- a + (5 ^ [Cp/C( p +,)/ + Cp/c (p _ ,), ] 


(12.14) 


which represents the sum of all the interactions of each atom with its two neigh- 
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bors. Substitution of c pj from equation 12.10 leads to 

, „ ^ / 1 -2j rij(p - 1) 

e ' = “ + |J ?W eXP N 

1 2jr//0>-l)\[ litij -277171 

w exp ~~^) r p ir +exp — J (12 - 15 

The term in parenthesis is equal to 1/yV, and the term in brackets expressible as 
simple cosine function. So 

N 1 2777 

e/ = a + P £ — -2cos — , / = 0, ±1, ±2 . . . (12.16 

and, since there arerV atoms in the ring, 


e/ = a + 20 cos—, j = 0, ±1, ±2 . . . 


The number of electrons present in these cyclic systems has an important bear- 
ing on their stability, structure, and properties. In particular we might expect that 
some sort of stability would exist for those systems where all bonding and nonbond- 
ing orbitals (where they exist) arc completely filled with electrons. This leads to 
I Iuckel’s An + 2 rule, nothing more than recognition of the special stability of a 
closed shell of electrons. From Fig. 12.5, we can see that after the first, lowest level, 
the orbitals always occur in pairs. If n pairs of these levels are occupied by electrons, 
a total of 2 n + 1 orbitals will be filled for a total of (4 /j + 2) electrons (11 = 0,1,2, 
etc.). The cases we shall come across most frequently are cyclobutadiene' 1 , cyclo- 
pentadienyl" 1 , benzene, and cycloheptatrienc + which all have n = 1. Cycloocta- 
tetraene' 2 is an example with n = 2. Such species with 4// + 2 77 electrons arc aro- 
matic systems. In cyclic 4 /j 77 systems, a degenerate pair of 77 levels will be half-filled. 
Consequently the molecule with all electrons paired will become cither nonplanar 
or at least distort to a nonsymmetrical structure as anticipated for a Jahn-Teller in- 
stability. Cyclooctatetraene C 8 H 8 is one such example of the first type. The mole- 
cule (12.6) is tub shaped and the four double bonds are not conjugated to each 

12.6 



other. Cyclobutadiene is an example of the second type. This orbital problem is just 
like that of H 4 and is shown in Figure 12.6a. The situation is of the Jahn-Teller 
type where the molecule distorts so as to remove the orbital degeneracy. The result 
is an opening up of a HOMO-LUMO gap and an overall stabilization of occupied or- 
bitals on distortion to the rectangle. An exactly analogous result is shown in Figure 
12.6b for the distortion to a diamond or rhomboid geometry. (Note that we have 
chosen different ways to write the wavefunctions of the degenerate nonbonding 77 
set in the two cases which make the results easier to understand.) Here the anti- 
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FIGURE 12.6. Relief of the Jahn-Teller instability in singlet square cyclobutadiene by dis- 
tortion to (a) a rectangle and (b) a diamond. 

bonding 1 ,3-intcraction is decreased for one component and increased for the other 
on distortion. 

Planar 4 n n systems are said to be antiaromatic. The stability of aromatic com- 
pounds and the lack of antiaromatic ones has been an important concept in organic 
chemistry. 5 There arc a couple of interesting points to be made. Addition of two 
extra electrons to cyclobutadienc leads, overall, to no increase in orbital stabiliza- 
tion, since these electrons enter a nonbonding orbital. In fact, Coulomb repulsion 
may lead overall to a destabilizing effect. However, on distortion to the rectangle, 
for C 4 H2- two electrons in this nonbonding orbital are destabilized. Quantitatively 
this is shown in 12.7 where the distortion has gone all the way to two double bonded 
units. Cyclobutadiene itself has the same n energy as two ethylene segments but the 
dianion loses 2/3 of 7r energy on distortion. Put another way, the zero HOMO-LUMO 
gap in the An n molecule signals a Jahn-Teller type of distortion and also increases 
reactivity by having a high lying HOMO and/or a low lying LUMO. 



For cyclobutadiene there is another interesting possibility which we have ex- 
plored belore with the case of methylene in Section 8.8. Is it possible to produce a 
stable structure by allowing the two highest energy electrons of the An species to 
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separately occupy the orthogonal pair of degenerate orbitals with their spins par- 
allel? The result would be a triplet diradical species as in 12.8. For such an electronic 
configuration there would be no obvious tendency from the orbital picture of 
Figure 12.6 to distort away from the square planar structure. So there exists the 
possibility of two structures (12.9) dependent on the spin state of the molecule. 

□ o 

triplet singlet 

12.9 

[ Experimental evidence 6 indicates a distorted structure for the singlet state but no 
information is available for the structure of the diradical (triplet) state. The dis- 
cussion in Chapter 8 leads us to expect that the triplet should be more stable than 
the singlet at the square planar geometry because of more favorable two-electron 
energy terms. Results of calculations which include configuration interaction indi- 
cate 7 a reversal of this energy ordering. Examples of square singlet species with 
An + 2 = 6n electrons, which are therefore stable at this geometry, include the 
chalcogenide ions A 4 * (A = S, Se, Te) and the derivative S 2 N 2 which we examine 
below. 

12.4. PERTURBATIONS OF CYCLIC SYSTEMS 

The orbitals of the previous section may be used to understand the orbital struc- 
tures of other systems. Just as the orbitals of cyclobutadienc were generated in 
Figure 5.4 by linking together the end atoms of butadiene, so the orbitals of naph- 
thalene (12.10) and azulene (12.11) may be derived by linking together pairs of 
atoms in the cyclic 10-annulene (12.12) as in Figures 12.7 and 12.8. Whether an 

12.10 12.11 12.12 

orbital goes up or down in energy during the process depends upon the relative 
phases of the coefficients on the linking pair of atoms in that orbital. Notice that 
some orbitals remain unchanged in energy in the naphthalene case. They are the or- 
bitals with nodes running through the pair of atoms 1, 6 (12.10) and one partner 
of each degenerate pair is of this type. The new orbital energies may be derived 
numerically using first-order perturbation theory, as shown very nicely in Heil- 
bronner and Bock’s book. 3 With reference to equations 3.2, 3.4, and 3.5, the per- 
turbation is simply one of increasing the value of from zero to /3 for the inter- 
action integral linking the orbitals \i and v located on the atoms between which a 
bond is to be made. Recall that within the Hiickel approximation, overlap inte- 




4f 

12.8 
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FIGURE 12.7. Generation of the it energy levels of napthalcne by linking together a pair of 
atoms ol 1 0-anmilene. The energies are given in units of (J and no attempt has been made to 
represent the actual AO coefficients. 

grals between orbitals on different atoms are ignored. This leads to all = 0, all 
Sh V = 0 for botb M = v, and p ¥= v except for the one case (let us call this 6H kX ) 
which involves the bond formation itself. So in equations 3.4 and 3.5, A, v = c“,/3c^, 
and S ti = 0 leading to e\' 3. So the largest energy changes will be associ- 
ated with the largest products of orbital coefficients This has guided our 

qualitative pictures of Figures 12.7 and 12.8. 

Another perturbation of these orbitals occurs when the atoms of the carbon 
framework are replaced with others of different electronegativity. Figure 12.9 
shows how the v orbitals of S 2 N 2 are derived from those of cyclobutadiene 2 ". The 
lower point symmetry removes the degeneracy of the middle pair of orbitals and 
these two new orbitals are either pure sulfur or pure nitrogen in character. 

We will leave it as an exercise for the reader to use the same perturbation theo- 
retic ideas as employed for H 3 in Figure 6.2 to generate these level shifts and the 
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of 10-annulem- TliP.np,^ . umung rogeuicr apairofatoms 

«.o “ siren ,n “ ,s » >” a ” *■> »*■>= •" »p~», 


the actual AO coefficients. 


is °“ h i n rrr, fun ‘f , „ s - * «°«i or* , homo ls , 

sulfur p orbital .which lies above the mean value of N and S p atomic energies 

R n hM J S “ 1C ° rbitaIS of “ inor 8 anic benzene,” the borazine molecule 
S , 6 ‘, degenerale benzene levels have not been split apart in energy but the 
wi n! ,i‘ 8 energy .° rblta,S contain more boron character than nitrogen character 
the opposite is true for the three lower energy orbitals. This is a result clearly 
r?; t an * ^negativity P erturbation on benzene, as also shown pic- 

fZ b e , Txr r? 3 t0tal 0f Six W electrons ’ this collection of orbitals is 
led through le. S 3 N 3 (12.13) has an analogous orbital pattern but has a total of 




FIGURE 12.9. Generation of the rr orbitals of S 2 N 2 from those of cyclobutadiene. For sim- 
plicity wc assume here that the electronegativity of carbon lies midway between that of sulfur 
and nitrogen. As a result the old and new level patterns have a symmetry about the midpoint. 


12.13 

10 7i electrons. For this species the levels are filled through 2e. This is a feature of 
sulfur-nitrogen compounds in general— occupation of the lowest energy orbital (as 
in S 2 N 2 ), or lowest energy pair of orbitals (as in S 3 Ni) which lie above the mid- 
point of the 7r energy diagram. The molecule S 3 N 3 is isoelectronic with the planar 
Pfi” unit in Rb 4 P 6 . 8 In this species (isoelectronic with C 6 H 4 ") the P— P distances 
(2.1 5 A) are longer than a typical P=P distance (2.0 A) but slightly shorter than a 
typical P— P distance (2.2 A). 

There are two obvious ways (12.14, 12.15) to reduce the symmetry of square 



12.14 12.15 


cyclobutadiene by substitution with the aim of stabilizing the singlet structure. 
12.14 corresponds to the geometry of S 2 N 2 which we know exists (but with two 
more electrons). What about 9 the alternative structure 12.15? The form of the wave- 
functions in the substituted molecules give us good clues as to the HOMO-LUMO 
gaps for the two possibilities. Recall that for the degenerate pair of cyclobutadiene 
orbitals we have some flexibility in the choice of the wavefunctions. (See Figure 


roi 





and nitrogen. 


12.5.) We will choose the degenerate pairs as in 12.16 and 12.17 which reflect the 
symmetry properties of 12.14 and 12.15, respectively. In fact the HOMO and LUMO 
of the lower symmetry structures will look very much like these. The energies of 
the two functions 12.16 will differ by an amount which depends on the XY elec- 
tronegativity difference alone, since these two orbitals are either completely X or 
completely Y located. The energies of 12.17 on the other hand are expected to be 
much like cyclobutadiene itself with a small gap between them. Both components 



12.16 12.17 
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of 12.17 are stabilized when X is more electronegative than Y in 12.15. In addition 
to B 2 N 2 R 4 (12.18) all cyclobutadienes containing 7 r-donor and 7 r-acceptor substit- 
uents which have been made (c.g., 12.19) have a substitution pattern of the type 

12.14. 


'\ / 

B — N 

IOI 

N_B 
0/ \c 


r 2 N CR 

c — <r 


RC^ ^ NR, 


12.18 12.19 

One interesting orbital derivation 10 is that of the unusual cradle-shaped molecule 
S 4 N 4 from the perturbed 8 -annulene 12.20. Just as on moving to S 2 N 2 from cyclo- 




12.20 


butadiene (Figure 12.9), the middle pair of orbitals of the 8 -annulene split apart in 
energy on moving to S 4 N 4 , leading to the b 2u and b u , levels of Figure 12.11. With 



FIGURE 12.11 . (a) The n orbitals of planar S 4 N 4 which may be obtained from those of the 

8 -annulenc in a similar fashion to the generation of the levels of borazinc in Figure 12.10. (b) 
Orbital correlation diagram for the formation of the S 4 N 4 cage molecule. 
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a total of 12 7 t electrons, either a triplet planar molecule is expected with double 
occupancy of all the orbitals except the highest degenerate level, or a singlet species 
w.lh some sort of distorted geometry. The latter will be necessary to remove the 
orbttal degeneracy. One way this may be done (Figure 12.11) is to link two pairs 
of opposite atoms of the eight-membered ring as in 12.20. This results in a dramatic 
stabilization of the highest energy rr type orbital (labeled <r 2u )and the generation of 
a substantial HOMO-LUMO gap. How the linking process occurs is an interesting 
question to answer. Just as in the derivation of naphthalene from 10-annulene the 
largest orbital energy changes will be found when the coefficients on the linking 
atoms are argest. Since the a 2u orbital is an antibonding orbital, the largest coef- 
ficients will be associated with the least electronegative atom. The level is con- 
verted into a S~S bonding orbital 12.21 on forming the cradle. Likewise the 
level ,s converted into 12.22. S 4 Nj + has two fewer electrons. It is clear from Fig" 



• 2-21 12.22 


ure 12. 1 1 that the planar molecule will have a large IIOMO-LIJMO gap and that the 
bicyclic molecule will have a small one. Inspection of the levels of Figure 12 . 1 1 
shows that while the b lu orbital is stabilized, the two members of the e, orbital are 
des abihzcd on bending the planar molecule. S 4 N 4 2 * is found as a planar species In 
S4N4 there is the unusual result of a two^x, ordinate nitrogen atom and three- 
coordinate sulfur. In the isoelectronic As 4 S 4 and A S 4 Se 4 the chalcogen is two coor- 
dinate (12.23) in accord with the relative electronegativities of arsenic and chalcogen. 


12.23 


>=S 0= N 


> = S O = As 


In Section 6.4 we saw how to predict the substitution pattern of molecules con- 
taining atoms ol different electronegativity by making use of the charge distribu- 
tion of the parent, unsubstituted molecule. The same approach may be used for 
polyenes containing inequivalent atoms. 12.24 shows the charge distribution of 
pentalcnc and 12.25 the “inorganic pcntalene” made by replacing half of the car- 
bon atoms with nitrogen and half with boron atoms. The more electronegative ni- 
trogen atoms occupy the sites of highest charge density in the unsubstituted analog. 


H 


H 


226 


POLYENES AND CONJUGATED SYSTEMS 


12.5. CONJUGATION IN THREE DIMENSIONS 

Two acyclic polyene chains may be linked together by a single carbon atom to give 
a spiro-geometry as in 12.26. The overall symmetry of two planar polyenes that 

12.26 

are connected by a single atom in this way is either D 2h or C 2o , depending upon 
whether the two ring sizes are identical or not. Take a case of C 2v symmetry. The 7r 
levels of the polyenes will then be of b lt b 2 , or a 2 symmetry. It can be shown by 
the insertion of the relevant phases in 12.26 that there will be nonzero overlap only 
when two orbitals of a 2 symmetry interact. Furthermore there is a simple rule to 
tell whether this linking process results in a stabilization (to give a spiro-aromatic 
molecule) or a destabilization (to give a spiro-antiaromatic molecule). First all 
4 k + 2 systems arc spiro-aromatic, as we can see by assembling the v picture for 
spiro-heptatriene in Figure 12.12. A stabilization of the HOMO of the butadiene 
fragment occurs by overlap with the LUMO of the ethylene fragment. The other 


^ <| 



FIGURE 12.12. Assembly of the n orbital diagram for spiro-heptatriene from those of a four- 
carbon and two-carbon fragment. 
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occupied orbitals of both molecules do not find a partner of the correct symmetry 
with which to interact. Although we have shown a large stabilization in Figure 12.12 
the two sets of interacting orbitals are not close and the stabilization of the occupied 
a 2 level is certainly going to be small. The ionization potential determined 12 by 
photoelectron spectroscopy of an electron in the a 2 orbital is not that different 
from an analog where the three-membered ring portion of the molecule is saturated. 
Clearly a more favorable stabilization of the butadiene a 2 orbital will come about if 
the unoccupied a 2 orbital on its partner is lowered in energy. Placing it electron 
withdrawing groups on the cyclopropene portion and 7r donors on the cyelopenta- 
diene side would partially accomplish this. An even more efficient way is to vary the 
ring size. The interaction diagram for the spiro-octatrienyl cation, 12.27 can readily 
be constructed along the lines of Figure 12.12. The important difference is that 
now the a 2 butadiene HOMO is stabilized by the LUMO of an allyl cation as shown 
in 12.28. The nonbonding v level of allyl lies at a much lower energy than n* of 
ethylene and consequently one expects that 12.27 should be stabilized more (in a 
relative sense) than spiro-heptatriene. Calculations have shown 13 this to be the case. 

In contrast to the above, 4« systems are spiro-antiaromatic. This is easily shown 
by constructing the diagram (Figure 12.13) for spiro-nonatelracnc. Compared to 
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12.27 12.28 

the previous case, the HOMOs of both systems are of the correct symmetry and 
energy to interact with one another. Just as in tire case of the repulsion of two 
ground state helium atoms with closed shells of electrons (Section 2.2), this two- 
orbital-four-electron situation is, overall, a destabilizing one. Intrafragment mixing 
between the occupied and unoccupied sets of a 2 orbitals will be very small; m the 
isolated fragments they are orthogonal. As a result of this destabilization, spiro- 
nonatetraene is spiro-antiaromatic. It is also exceedingly reactive. Hie splitting be- 
tween the bonding and antibonding combinations of the occupied a 2 set has been 
determined 14 to be 1.2 eV by photoelectron spectroscopy. 

The potential for conjugation within polyene tt “ribbons" has been examined lor 
several other rr topologies. 12.29 and 1 2.30 illustrate two bicyclic motifs. Interaction 



diagrams can easily be constructed and generalized electron counting rules have 
been established. 13 
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CHAPTER THIRTEEN 


Solids 


13.1. ENERGY BANDS 

In previous chapters we have examined the orbitals of molecules of finite extent. 
In this chapter we describe the case where there are, for all practical purposes, ar. 
infinite number of orbitals, namely those of a solid-a giant molecule. We will be 
exclusively concerned with crystalline materials, that is, those with a regularly re- 
peating motif in all three dimensions. The results of earlier chapters, especially the 
previous one. will carry over quite naturally to this area. We start with a one-dimen- 
sional situation, that of an infinite chain of carbon pit orbitals (13.1). From the re- 

13.1 

suits of Section 12.2 we know qualitatively what the orbitals of this infinite chain 
will look like. Simple Hiickel theory provided an analytic expression for the orbitals 
of such Unear polyenes and equation 13.1 gives the energy of the/th level for an 
N atom (orbital) chain: 

e. =o + 2)3 cos (13.1) 

Wien N is very large, the lowest level (/= 1 ) will lie at e ~ a + 2/3 where there are 
bonding interactions between all adjacent atom pairs. The highest energy level (/ = 
A) will be at e ~ a- 2)3 and contains antibonding interactions between all adjacent 
atom pairs. Between them lies a continuum of orbitals which we call an energy 
band with an energy spread of (a - 2p) - (o + 2/3) = -4)3 (13.2, 13.3). In the middle 
of this stack of levels at e = a there is a nonbonding situation (13.3) which may be 
written in several different ways. This is analogous to the choice we had for the de- 
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generate levels in the case of cyclic H 4 (Chapter 5) or cyclobutadiene in Figure 12.5. 
The number of nodes increases as the energy increases, just as for the finite case. 
The general result is the production of an energy band for each of the atomic orbitals 
located on the atoms which make up the chain. 

In two and three dimensions a similar process occurs. The atomic energy levels 
of each of the atoms of, for example, elemental sodium are broadened into bands 
in the solid. The width of these bands depends upon the magnitude of the cor- 
responding interaction integrals (the equivalent of the Huckel (3 for the pis one-di- 
mensional chain above) between the orbitals concerned. Figure 13.1 shows' how 


FIGURE 1 3.1 . Dependence on intemucleai separation of sodium atomic levels. Notice how as 
r decreases the collection of s and p orbitals broaden into bands. At the equilibrium internuclear 
distance (/•<>) the s and p bands overlap. 
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the energy levels of a collection of sodium atoms varies with internuclear distance. 
The shaded areas represent the energy bands formed from 3s and 3p orbitals. Notice 
that the bottom of each band, at the equilibrium separation r 0 , lies lower in energy 
than the corresponding atomic level at infinite separation (i.e., it is bonding) but 
the top of the band lies above tills energy. Also notice that at large internuclear 
separation there are two separate “s” and “p” bands but as this distance decreases 
the two bands overlap. In general, the energetic relationship of the energy bands of 
a solid material and how many electrons are contained in each has an extremely 
important bearing on the properties of the system. If the highest occupied band 
(the valence band) is full then the solid is an insulator or semiconductor, depending 
on whether the energy gap, E g , (the band gap) between the valence band and the 
lowest empty band (conduction band) is respectively large or small (13.4). If the 
valence band is only partially full, or full and empty bands overlap, then a typical 
metal results. In the notation used in 13.4 we imply that all the electrons in the oc- 
cupied levels are paired. The case of 13.5 where the band is full of unpaired elec- 
trons gives rise to a magnetic insulator. The energetic considerations that control 
the stability of the alternatives 13.5 and 13.6 are very similar indeed to those used 
in Section 8.8 to view high and low spin arrangements in molecules. 



insulator semiconductor metal 


e.g. diamond e.g. CdTe e.g. Cr 


i KG 

13.5 13.6 

How are we going to represent the complex situation of the giant molecule and 
handle this infinite collection of orbitals? We can make use of results from the pre- 
vious chapter and assume that the atoms in the very long one-dimensional chain be- 
have as if they were embedded in a very big ring. Alternatively, we can imagine 
imperceptibly bending the very long chain and tying the end atoms together (13.7) 
to make a cyclic system. Surely the overwhelming majority of the atoms of a real 
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crystal are so far away from the edges so as not to know the difference. Obviously 
then our discussion will only be valid for macroscopic crystals, those where most of 
the atoms are “bulk” rather than surface atoms. 

Now the values of the energy levels of the very long cyclic chain, (with N atoms) 
are given from equation 12.9 as 

ej = a + 2(3 cos (13.2) 

where / runs from 0 through ±1 , ±2, Since jVis quite a large number, we can 

recast this equation to make it easier to handle. It was mentioned above that we 
will only study crystalline materials in this book. These are systems where a funda- 
mental building block of atoms is regularly repeated in three dimensions. In 13.8 we 


13.8 


show a part of the infinite one-dimensional chain of carbon 2p-orbitals with several 
unit cells outlined. The position of unit cell p is given by R p = (p- l)a. The unit 
cell (of length a in this case) contains the regularly repeating motif. We can define 
a new index k = 2i jj/Na which runs from 0 to ±n/a such that equation 13.2 becomes 

e(k) = a + 2/3 cos ka (13.3) 

Let us show this result pictorially. 2 Using equation 12.10 we may plot out the 
energy levels of, for example, C S H S as shown in 13 . 9 . The allowed values of j are 
0, ±1 , . . . and in this case therefore to +2. The reader can show that substitution of 
values of |/| larger than 2 just leads to duplication of the values we have already de- 
rived, that is, use of |/| >(/V- l)/2 for N— odd (or N/2 for N = even) leads to re- 
dundant information. 13.10 shows an analogous plot for a ring containing 1 5 atoms. 
Here j runs from 0 through ±1 , ±2, and so on to ±7. Finally 13.1 1 shows a diagram 
exactly analogous to those of 13.9 and 13.10 for the infinite system. Now k runs 
from 0 through tir/a or j from 0 through ±(N - l)/2 where N is very large, just as in 
the finite case. 

One important difference between the finite and infinite cases, of course, is that 
whereas / increases in discrete steps, k increases continuously . Also in a way closely 
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13.9 


13.10 



similar to the behavior of ey in the finite case, when |/| > (N - l)/2, values of |/c| > 
Tt/a lead to redundant information in the solid state. In the crystal the region of k 
values between n/a and -n/a is referred to as the first Brillouin zone, usually just 
called the Brillouin zone. The point k = ±Tr/a is called the zone edge and k = 0 the 
zone center. 

Since the diagram 13.11 has mirror symmetry about k = 0 it will suffice just to 
use one-half of this diagram. We choose the right-hand half, that corresponding to 
positive k. I he index k is called the wavevector. The variation in energy as a func- 
tion of the wavevector k is called the dispersion of the band. In three-dimensional 
situations the vector nature of the wavevector becomes apparent and we will write 
it as k. 


uiv uiam i j.i may uc gcnciaiuu uy seeing now 

the wave! unctions of the finite ring change when N becomes large. As before we 
define x(r - R p ) as the atomic orbital wavefunction located on the atom in the pth 
unit cell. From equation 12.10 the wavefunctions of the A' atom chain are given by 


t/- t c pi X(r-R p ) 



X(r-R p ) (13.4) 


Substitution of k - 2-nj/Na leads to the expression 


~ * exp ~ X(r- R„) 

V p = , 


(13.5) 



which may be rewritten as 


#)=4f £ [exp (ikR p )\ x(r - Rp) (13.6) 

V' v p = i 

In three dimensions the exponential in this equation needs to be written as a vector 
dot product exp (z'k • R p ). Just as the vector R p (with dimensions of length) maps 
out a direct space (x,y, z coordinates of points) with which we are familiar, so k 
[with dimensions of (length) -1 ) maps out a reciprocal space. The functions 0(k) 
are called Bloch functions 3-5 and are nothing more than the symmetry-adapted 
linear combination of atomic orbitals, under the action of the infinite translation 
group, just as the orbitals of equation 12.10 are the symmetry -adapted linear com- 
binations of orbitals under the action of the cyclic group of order N. In Section 
12.3 we showed for the illustrative example of the v orbitals of benzene ( N= 6) 
that the exponential in equations 12.10 and 13.4 was just the character ofthe/th 
irreducible representation of the cyclic group of order N. Similarly the exponential 
in equations 13.5 and 13.6 is related to the character of the fcth irreducible repre- 
sentation of the cyclic group of infinite order, which, according to the picture of 
13.7, we may replace with an (infinite) linear translation group. Just as the wave- 
functions of equation 12.10 with different / are orthogonal to each other so the 
wavefunctions of equation 13.6 are orthogonal for different k values. At k - 0 we 
can write, using equation 13.6, 

<p(k = 0) = ^j=- [■■■x(.r) + x(r~ a) + x(r-2a) + ---\ (13.7) 

where x( r ) * s some arbitrary orbital located on some atom in the chain; x( r ~ a ) lies 
at a distance a along the chain (13.8), x(r~ 2 a) at a distance 2a, and so on, from xW- 
The coefficients from equation 13.7 arc all equal. This wavefunction is shown in 
13.12 and of course extends all the way through the crystal. The normalization 


13.12 13.13 

constant of A -1 ^ 2 has been included as a result of the Hiickel approximation of 
Section 12.2. We can easily calculate the energy associated with the wavefunction 
of equation 13.7 as 

e{k = 0) = <• • • x(<*) + x(r- «) + X(r " 2a) * ’ ' I ^ efr | ‘ ‘ - x(a) 

+ X(r- a) + x(f“ 2a) ■ • •> (13-8) 

Using the same technique as in 12.5 for the molecular case 

e(k=°) = -Jr [M« + 20)j = « + 20 



(13.9) 


where 


ct=<x(r-R p ) I//*"! xfr- * p )> 


and 

0 = <x( r ~ Rp) | x( r ~ J?p + i )> 

This, of course, is the result from equation 13.3 too. Notice that N, although in- 
cluded in the expression for the wavefunction, has neatly dropped out of the expres- 
sion for the energy. At k= v/a the wavefunction <p(k) becomes 


<p(k = v/a) = [ • • • x(r) exp (ijrO) + x(r - a) exp (iv) 

+ x( r ~ 2 a) exp (2 /tt)+ • • •] 


= t ’ " x(f) ~ X(f - a) + x( r ~ 2a) ] (13.10) 

which is shown in 13.13. The energy of this function can be readily seen to be equal 
to e(k = v/a) = a - 20. Since 0 < 0 the maximum bonding (and therefore maximum 
stabilization) is found at the zone center (k = 0) and the maximum antibonding 
character at the zone edge ( k = v/a). This is in keeping with the form of the band 
dispersion of 13.11 and the qualitative picture of 13.3. For a general value of k 
equation 13.5 may be rewritten as 

H k ) = ^jj=- [ • • • Xto + X(r - a) exp (ika) + x(r - 2a) exp (2/to) + ■ ■ ■ 1 


(13.11) 


which leads to a general expression for the energy 

e{k) = <0(k) | //® ff | <P(k)) 


= 77 ■ N {q + [exp (/to) + exp (-/to) 1 0} 

N 

= a + 20cos to (13.12) 


With a given number of electrons in the solid the levels, doubly occupied, will 
be filled to a certain energy e F , called the Fermi level, which corresponds to a 
specific value of k, k F . The total one electron energy per unit cell, E/N, is then 


obtained by integrating equation 13.13 


N 2v 


2e(k)dk 


_2a 

v J n 


e(k) elk 


(13.13) 


This is an exactly analogous equation to the energy sum over a discrete collection 
of levels in the molecular case. In the solid there are, however, a very large number 
of levels and electrons to occupy them. The total energy of equation 13.13 is, there- 
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fore, referred to the contents of one unit cell. In many cases there will be a nonin- 
tegral number of electrons per cell as a result of this choice. There will always be 
the same number of energy bands as there are atomic orbitals in the unit cell. 
Sometimes, however, the collection of bands arising from the three p orbitals on an 
atom are referred to collectively as “the p band” or the levels derived from the five 
d orbitals as “the d band.” 

One of the important quantities in describing the electronic structure of a mole- 
cule or an extended system is the so-called density of states. In a molecule there is 
a set of discrete levels as shown in 13.14 for the n orbitals of benzene. Thus the 


e 



number of allowed orbital levels with energy e [i.e., density of states n(e ) J is two if 
e refers to the doubly degenerate levels, one if e refers to the nondegenerate ones, 
and zero otherwise. Similarly, the density of states n(e) in an extended system is 
the number of allowed band orbital levels having an energy e. For the one-dimen- 
sional case n{e) is known to be inversely proportional to the slope of the e versus 
k curve (equation 13.14) as shown in Figure 1 3.2b. At k = 0 and v/a Figure 13.2a 
shows that the slope of this curve is zero and so n(e) -> °°. Such features in n(e) at 


a) b) 

a-2/3 


t 

e 


a + 2/3 

0 V/ZO t TT/a n(e) 

k ► k F 

FIGURE 13.2. (a) Dispersion of a one-dimensional energy band formed by overlap of 

adjacent pir orbitals. The orbitals are filled up to the dashed line, the Fermi level (fip). The cor- 
responding k value is called kp. (b) A density of states diagram appropriate to Figure 13.2a. 
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these points are called van Hove singularities. In two and three dimensions the densi- 
ties of states are invariably more complex, but do not usually display such singulari- 
ties in n(e). 


The methodology we have just described is a natural extension of the molecular 
ideas discussed in earlier chapters. This LCAO approach is called the tight-binding 
method by solid-state physicists. It exists in several different forms, each of which 
has an analog in the molecular area. We have used simple Huckel theory to derive 
the results in this section but more sophisticated ones and many-electron approaches 
are available. Much of the work in this area comes from solid-state physics In Table 

13.1 and 13.15, we compare some of the jargon used with its nearest molecular 
equivalent. 


_ molecular 

— orbitals 


HOMO-LUMO 

gap 


^ crystol orbitals 
J — conduction band 

I bond gap 

I * * — Fermi level 
valence band 


Equations 13.3 and 13.5 give the expressions for the simplest possible case, that 
ot a one-dimensional chain containing a single orbital per unit cell. Most systems are 
more complex. Suppose that there are a set of atomic orbitals fxi , X 2 ■ • ■ . X ) 
contained in each unit cell. Then one can form a set of Bloch functions {*’(*) 
02 (*)> - • • > <Pn(k);- given in general by 


1 


(exp (ikR p )\ Xp(r-R p ) (13.15) 

V p= 1 

where p = 1 , 2, ... ,n. In such a case the band orbitals \p,(k) (/= 1 , 2, ri) are 

TABLE 13.1. Approximate Analogs Between Molecular and 
Solid-State Terminology 


Molecular 

Solid-State 

LCAO-MO 

Tight-binding 

Molecular orbital 

Crystal orbital ("band orbital) 

HOMO 

Valence band 

LUMO 

Conduction band 

HOMO-LUMO gap 

Band gap 

Jahn-Teller distortion 

Peierls distortion 

High or intermediate spin 

Magnetic 

Low spin 

Nonmagnetic 
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given by linear combinations of the Bloch functions as 

*,(*)=£<:*,(*)*„(*) ( 13 -16) 

M = 1 

The energy of such a band orbital ej(k) is given by the usual expression 

<lfr # (*) I H eft I Mk)) 

eAk) = ' ' , 1 ' (13.17) 

' <*/(*)| iij(k)) 

The variational theorem, when applied to this problem allows determination of the 
optimum values of the c M/ (k) and the generation of a secular determinant 

H u (k)~ S u (k)e(k) H 12 (k) - S 12 (k) e(k) ... //,„(*)- S in (k) e(k) 

H 2 \(k) - S 2 \(,k) e(k) H 22 (k)~ S 22 (k)e(k) ... H 2n (k)~ S 2n (k) e(k) 

H„x (k)-S nl (k)e(k) H n2 (k) - S„ 2 (k) e(k) ... H nn (k) - S, m (k) e(k) 

(13.18) 

where the interaction element H^k) and the overlap integral S M „(k) are defined in 
terms of the Bloch functions 

H^k) = <Mk)\H eff \Mk)) 

= N-' ZE { ex P [*(*, - R p)\ } <X„(r - R p) | // efr | Xv( r - «„)> 

P Q 

(13.19) 


S MV (k) = (^(k)\Uk)) 

= N-' ZZWP iHRq ~ RpWxJr- R p )\xJr- R q )) (13.20) 


Equation 13.18 may be written in a shorthand way as 

|^(*)-M*) e (*)| = 0 U 3 - 2 » 

This is a very similar equation indeed to the one of equation 1.31 derived for the 
molecular case. There the basis orbitals used were single atomic orbitals; here they 
are Bloch functions. In order to derive the energy levels of a molecule, equation 
1 .31 needs to be solved just once (in principle). For an extended solid-state system 
equation 13.21 needs to be solved at several " k points” in order to map out the en- 
ergetic dispersion of the bands. Sometimes we will be able to derive simple algebraic 
solutions for e(k ), as shown above for a particularly simple case. Most often, as is 
the case too for almost all the molecules we have studied, we will have to rely on 
a machine solution. 
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In 13.8 we chose a repeat unit for our calculation which contained a single or- 
bital. If we choose a two-atom repeat unit as in 13.16 where a' = 2a, how does the 

a’/Z 


13.16 


result change. Any observable property will, of course, have the same calculated 
value. The e(k) versus k diagram will, however, be different since at each value of* 
there will be two energy levels, a direct result of the fact that there are now two 
orbitals per urn t cell. To tackle this problem a secular determinant is set up, just as 
tor the ethylene molecule of Section 12.2 but where from equation 13.19 the values 
ot Hij now depend upon k. As before, a considerable simplification of the problem 
can be made by using the Hiickel approximation. First, we need to develop Bloch 
functions for each of the two orbitals in the unit cell. As shown in 13.16 we shall 
locate xi and x 2 on the left- and right-hand side atoms of any given unit cell 
Starting mth X.to, this orbital is sent to x.fr - a') by a translation «' and to 
Xi(p a ) by a translation -a (13.17). Then using equation 13.5 

Mk) = ^ [ '" Xl(r+ ‘ 7 ') exp( - /fca ') + Xi(f) + X.(/--a')exp («*')+••■] 

(13.22) 

N ° te that x 2 and x , are translationally separated by a '/2. Since the orbitals x , (/), 
X. (p a ), and Xl (r a) are not nearest neighbors in the chain, all interaction in- 




‘r' S Srrr ° rbitalS l0Cated 0n them are zer0 in the HOckeI approximation. This 

-ff-) *** KM- f) 

I (13.23) 

Just as before, H 22 (k)= « within the Hiickel approximation. Unlike the diagonal 
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elements, U l2 (k) does contain nearest neighbor interactions and exhibits a k depen- 
dence 


//,,(£) = <0, (*) | /y eff |0 2 (/c)> 



+ exp 



0 



(13.24) 


According to the Hiickel approximation $„(*) = S 22 (k) = 1 and S l2 (k) = 0. Con- 
sequently from equation 13.18 the secular determinant becomes 

ka‘ 

a- e(k) 20 cos 

ka , 2 -0 (13.25) 

20 cos — a - c(k) 


The lower energy root, is (?,(*) = a + 20 cos (ka'/ 2) and Ihe higher energy root is 
e 2 (k)-a- 20 cos (ka'/2). These results are shown graphically in Figure 13 3 
Remembering that o' in 13.16 is twice the a of 13.8 the relationship between Figures 
13.3 and 13.2 is straightforward. Ihe e(k) vs. k diagram of the two-atom cell is 
just that of the one-atom cell but the levels have been folded back along k = ir/2a 
(Figure 1 3.4). Now there arc two orbitals for each value of k. 

The orbitals at various values of the energy in Figure 13.3 arc exactly those 
shown in 13.3. At the zone center are found the most bonding and most antibond- 
ing levels and at the zone edge the nonbonding levels. Figure 1 3.3 also shows another 
way of generating these energy bands by starting off from the * and v* levels of a 
diatomic unit (located at e = a + 0 and a - 0, respectively). First we write 



'. IGU , RE ! 3 ' 3, dispersion behavior of the two-orbital problem of 13.16. Also shown is the 
identification of the lower and upper halves of this digram with the energetic behavior of the n 
and rr levels of the diatomic unit contained in the unit cell of 13.16. 
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a- 2/3 

a 

a +2/3 

o 7r/2a 7r/a 
_k_ 

FIGURE 13.4. The “folding back” of the dispersion curve for the one orbital cell to give the 
dispersion curve for the two orbital cell, 

for* [x.M+Xa^-y)] 

fortr* [xiW- X 2 ('“■y)] (13.26) 

Using the same notation as before we can construct Bloch functions as 
0 i(*) = ‘ ‘ ' $i(t +«') exp (-ika') + £,(/■) + £,(/•- a') exp (ika ') + • • • | 

*a(*) = [ ’ • - $ 2 ('• + «') exp (~ika') + $ 2 (r) + £ 2 (r- a') exp (ika') + • • • ] 

(13.27) 

Using the Hiickel approximation we can readily evaluate //, , (k) and Il 22 (k) as 
ffu(*) = <0i'(*) |/7 df |</*i'(Ar)> 

= iv N {° + 2^ ^ 6XP ( '' ka '^ + CXp 3 ® + 0 + 0 cos ka ' 

H 22 (*)-<«i(ft) | // eff | </> 2 (k)) 

= ~N N ( a ~ 2 ^ [exp (ika') + exp (-/Am')]J = a - 0 - 0 cos ka’ 

(13.29) 

^n(k) may be evaluated analogously as 
Hn(k) = (<t>[(k)\H° ft \'t>' 2 (k)) 

= AT '^(2 ® t exp ( / * fl )- exp (-tfo2')]| = /0 sin ka ' (13.30) 

Similar evaluation of H 2l (k) leads to -/0 sin ka, that is, // 21 (k) = H* 2 (k). 






The secular determinant then becomes 

a + P + P cos ka' - e(k) ip sin ka' 

-iP sin ka a - p- p cos ka' - e(k) 

Notice that it is H a y) ,„d H &(*) that go into the ofMiagonal positions of this 
equation. Solution of the secular determinant leads to 

fa - e(*)] 2 - p 2 (l + cos ka') 2 - p 2 sin 2 ka' = 0 (13. 32 ) 

and therefore 

e(k) = a±2Pcos~ (13.33) 

which is the same result as before. Notice that the value of // 12 in equation 13 31 
is identically zero at k = 0 and also at k = it /a'. At these points the upper and lower 
bands are then, respectively, pure and *J(*) in character since there is no 
mix'" 8 between them. Equation 13.27 requires that, at * = 0, the coefficient of 
V) 1s ex P W,) - +1 . Thus the n orbitals are combined as in 13.18 which is 
bonding between unit cells. Note that this function is not only intercell bonding 
ut is mtracell bonding too. At the same time the tt* orbitals are combined as in 

I ii Tl. antl J ondin S between As a consequence the function that re- 
suits is both mtracell and intercell antibonding. At * * n/a' the coefficient of Ur - 

V is now (-1) and the combination of ir orbitals of 13.20 is intracell bonding 
but intercell antibonding. Similarly the tt* levels combine to give a function (13 21) 


= 0 (13.31) 



1320 13.21 


which is mtracell antibonding but intercell bonding. Obviously 13.20 and 13 21 
have the same energy and the top of the ,r band and bottom of the rr* band touch 
at this point. As noted before, functions that are equally good for this degenerate 
pair may be obtained by taking a linear combination of 13.20 and 13 21 The result 
is shown in 13.22 and 13.23. 



13.22 


13.23 
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13.2. DISTORTIONS OF ONE-DIMENSIONAL SYSTEMS 

The polymeric material of 13.24, polyacetylene, with one pn orbital per atom has a 

ir-band structure whlch 15 ldentical ‘° the one we have spent so much time discussing 

m Section 13.1. With one pir electron per atom this band is half-full and if the elec 
rons are paired (13.6) the system should be metallic. Polyacetylene itself does not 
have the regular structure indicated in 13.24 but is a semiconductor and exhibh 
the bond alternation shown in 13.25. Ut us see how e(k) varies for this system 
Now the distances between one atom and its two neighbors (13.26) are not the 


H h H h 



sanu. ((I \)a and xa where * < i] . In addition to giving rise to different values 

rind V q mav° 1 ^7™ 7'™ ° f th ° reSOnanCe in,e ^ uls wil1 a '™ be found, 

and p 2 may be assigned to the. interaction integrals between two neighboring 

° rf / ?( ,“1 0 ■ res P“‘lvely. Since »' is 2 * 

I, “ " I*! I > IM- N «o 1» that 0, , h < o fo, the c.se olp, orbit.-,! 

overlap. The secular determinant then becomes 

° " C{k) Pi cx P 0'kxa') + p 2 exp [-/*(] - x ) a '] 

P, exp (-ikxa') + p 2 exp [/*( l - *yj a _ e(k) = 0 

| (13.34) 

1fteo‘l aS R n | C< ! Uati0 r ! 331 ° nC ofr - dia 80 »al element is the complex conjugate 
ot the other. Solution of this determinant leads to 

e (k) = a±(J3l+pl + 2 p t p 2 cos ka') 1 ' 2 (]335) 

1“ any depen , den , Ce ° n x has disappeared from the cosine term. We will 

higl e en lelel'^iT W 35 6 ? Uati0n 1 3 35 with the P°^ve root and the 
0 )?: + e rg ' e 7‘ e *\ k) a ^ Uatl0n 13 ' 35 ^th the negative root. At k = 0, e, (it = 
(P ,7 fc = 0) = a - ( ^ + ^ ) . At k = n/a\ e,(k = n/a') = a + 

hown i! Filre } 7 " P 6 , ^ k dia g ram wWch results is 

t own in Figure 13 5a for the case where J/3, | > \p 2 . The corresponding density 

states picture ,s shown in Figure 13.5b. For small distortions /J, + p 2 ~ 2 p The 
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k *■ n (e) 

D T rSi0n behaVi0r 0f thc tWO orbi,als contained in the unit cell of 13 26 
o "states " ' anCeS a, ° nK ,he Chai " arC n °' Unif0 ™‘ 0» corresponding density 


important result is a splitting of the degeneracy at the zone edge. The form of the 
new wavefunctions is easy to derive and is given in Figure 13.6. In earlier chapters 
we have emphasized how symmetrical structures on distortion may either open up 
a gap or increase an existing energy gap between the HOMO and LUMO In the case 

F wire n r ? te ; n fr i r g „ P °l yene ° f 1324 Wkh ° ne electron P er a <°'» ** rr band of 
en Of M / iS "° HOM °-LUMO gap, and the situation is reminis- 

cent of the case of singlet cyciobutadiene of Chapter 1 2. In the alternating case of 

taMhz M f i " i8 : ,re 13 5 iS fu " 3nd the u PP cr em P‘y- Thus the energetic 
. bihzation on distortion of the symmetrical structure to one with bond alternation 
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is really the solid-state analog of a Jahn-Tcller distortion. 4 - 6 It is called a Peierls 
distortion and the situation is compared with that of cyciobutadiene in 13.27. How 


Q| (□ 




13.27 


can we stabilize a system such as 13.24 against such a distortion? There arc two 
obvious strategies that can be borrowed from molecular chemistry. In Chapter 12 
we saw that altering the electronegativity of two carbon atoms in cyciobutadiene 
relative to the other two. split the degeneracy of the nonbonding set and the driving 
force to the rectangular geometry was lost. 13.28 and 13.29 are two possible related 



13.28 


13.29 


examples in the solid state. The first is not known and the second is known but. as 

trL 'l l “ enZed - Bo ' h are ' soelecIr °nic with polyacetylene but the elec- 
ronega nvity d.tference ensures that the rr bands will not touch at the zone edge 

JZ I” 6 thi , S Ca T in d6tail bel0W > An a ^ lerna tive approach to the problem 
uses the result that the addition of two electrons to cyciobutadiene completely fills 
egenerate nonbonding n set. Consequently, adding two electrons per four-atom 
io, rr 16 Jahn ' Teller instability so that Sj + , Sef and Te| + are square planar 
the prese, i t case we nced lo nil the entire rr band with electrons (one extra 
lectron per site). The result is the structure of fibrous sulfur, selenium, and tellurium 
ne e contain chains of atoms in which all the bond lengths are thc same. (The 
nam, however, has djs[or(ed so that jt js no , p|anar } Polyacetylene jtse|f may be 

e conducting by doping either with electron donors or acceptors. The removal 

t h e TJTTrZr* fr ° in thC fi " ed band (13 30) or the addi non of density to 
P > band (13.31) leads to a conducting (metallic) situation (cf. 13 4) 

ttectromcally intermediate between the polyacetylene example with one rr dee- 
per ceml Len ,T rQV» lhe anal ° 8 ° f thC SUlfur dlain with lwo such e! ^trons 

pe center is the (SN) X polymer with three rr electrons per SN atom pair. 6 The band 

•rue lure of the trans isomer 13.32 is shown in Figure 13.7 where we have chosen a 
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13.30 13.31 



13.32 


unit cell containing two atoms. It is easy to understand in a qualitative fashion. 
With two 7i orbitals per cell there will be two n bands. The splitting at the zone edge 
in (SN)* , absent in the polyacetylene example of Figure 1 3.4, is due to the different 
atomic pn (a s and a N ) energies of the two atoms, sulfur and nitrogen. We show this 
in the following way. The secular deteminant of equation 13.22 which described a 
degenerate interaction becomes in (SN)* 

ka' 

a N - e(k) 2(3 cos — 

, " =0 (13.36) 

ka 

2(3 cos a s - e{k) 

This describes a nondegenerate interaction between the levels a s and a N . Using the 



FIGURE 13.7. Dispersion behavior of the n orbitals of polymeric (SN) X . With three rr elec- 
trons per SN unit the upper band is half-full and so the material is metallic. 
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ideas of Section 3.2, the energies of the two bands become 



<?, ( k ) =* a N + 


4(3 2 cos 2 ka' 12 
On " «s) 


e i(k)-a s - 


4(3 2 cos 2 ka '/2 
On “ <*s) 


(13.37) 

(13.38) 


At k = a la ' the two energies are simply a N and a s ,and the form of orbitals just as 
in 13.22 and 13.23 which are now not degenerate. With three v electrons per cell 
the upper 7r band is half-lull and the Peierls type of distortion is expected. The ac- 
tual structure of (SN)* is in fact the cis isomer of 13.33. Since the repeat unit is 



N 

\ 


13.33 


now lour atoms, the band structure is somewhat more complex. (Essentially the 
levels of Figure 13.7 are folded back as in Figure 13.4). The overall result though is 
very similar with a similar prediction of a Peierls instability. (SN)* however, instead 
of distorting to remove this instability, remains a metal with a half-filled band. It 
has been suggested that a Peierls distortion is inhibited by interactions between chains 
of the polymer. This is a very striking material, one composed of sulfur and nitrogen 
only, which has a copperlike lustre and is metallic. When there are only two tt elec- 
trons per unit cell (as in 13.28 and 13.29) then the symmetrical structure is now an 
insulator and does not suffer from a Peierls instabilty. 


13.3. OTHER ONE-DIMENSIONAL SYSTEMS 

Our discussion so far has focused on polyacetylene and related examples. The broad 
results however, are transferable to many other systems. Algebraically, for example, 
our discussion applies equally well to the case of a one-dimensional chain of hydro- 
gen atoms bearing Is orbitals. Recall the one-to-one correspondence between the 
orbitals of finite H„ molecules and their polyene analogs. With one electron per 
atom, Figure 13.3 indicates a half-filled band for the geometry 13.34. This will 
distort (in a Peierls fashion) to a solid composed of H 2 molecules(13.35) as chemical 

~ H H H H H H- H — H H— H H — H 

1334 13.35 

intuition predicts. There is, however, considerable interest in generating the three- 
dimensional analog of 13.34 under high pressure. This species is expected to have a 
half-filled band and so should be a metal. 

For a band describing a chain of pa orbitals the e(k) vs. k diagram looks a little 
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a -2/3 


e 

a 


a + 2/3 


FIGURE 13.8. Dispersion behavior of thepo orbitals of a one-dimensional chain. 

(Ill Cerent (figure 13.8). The phase factor at k= 0 requires (equation 13.6) all the 
atomic coefficients equal to +| (13.36). This is the point where maximum destabil- 

13.36 

k "° k = ir/o 

izalion occurs. So 

c(k ) = a - 2/3 cos ka ( 13 . 39 ) 

Mk = v f a thc p |,ase difference between adjacent orbitals is - 1 and maximum bond- 
ing results. Apart from this rather simple difference the band structure is identical 
to our earlier example. Now of course 0 represents pa - pa rather than pit - pu in- 
teractions. Consequently the band spread in an absolute sense is larger since pa 
overlap is larger than pi r overlap, that is, |/3„ | > \p„ |. 

A band made up of z 2 orbitals on each atomic center (in this case a transition 
metal) in a linear chain will also look very similar to that of Figure 13.2 with B now 
describing 2 - z 2 interactions (13.37). A well-known example of this situation is 
that of salts containing the square planar Pt(CN)J" unit in K 2 [Pt(CN) 4 ] -3H 2 0 
winch form chains of the type shown in 13.38. Recalling the level pattern for a 
square planar species (Figure 16.1) thc orbital configuration for a low spin d» 
1(11) species is (b 2g ) (e*) 4 (2a 1# ) 2 or {xy)\xz, yz) 4 (z 2 ) 3 . So with two electrons 
m thc z orbital the band formed by overlap of 13.39 with its neighbors is full The 
system is an insulator (conductivity = 5 X 1CT 7 FT' cm* 1 ) as a result, and, in this 
white salt, equal Pt Pt distances are found (3.48 A) which are a little long and re- 
lied thc fact that both bonding and antibonding Pt— Pt orbitals are occupied at the 
/■one center and edge, respectively. (One might wonder why the Pt(CN)J 2 chains 
arrange themselves in a stacked fashion in the first place. A part of the answer lies 
wit 1 1 ic highei energy s and p z orbitals. In a formal sense these arc empty and can 
mix into thc z combinations in such a way as to-reduce the net Pt— Pt antibonding 

between them. Another contribution is via hydrogen bonding involving the water 
molecules.) 6 
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13.38 


13.39 


These chain systems may, however, be cocrystallized with Br 2 , which results in 
thc formation of K 2 [Pt(CN) 4 ]Br 8 • 3H 2 0 salts and partial oxidation to Pt (2 + fi ^ On 
oxidation, electrons are removed from levels at the lop of the band 13.40 and trans- 



13.40 


oxidation 

ferred to bromine (as Br'). These levels are strongly Pt— Pt antibonding and the result 
is a dramatic shortening of the Pt— Pt distances. In K 2 [Pt(CN) 4 j Br 0 . 3 • 3H 2 0 the 
l Pt distance is 2.88 A. In addition, the presence now of the partially filled band 
means that the system is metallic, just as in thc case of doped polyacetylene A 
bronze solid results with a conductivity of 200 iY' cm' 1 . 

A more complex example, but one that is understandable along similar lines, is 
the structure of thc niobium and tantalum tetrahalidcs. 8 They form chains based 
on the sharing of opposite edges of NbX 6 octahedra with niobium-niobium distances 
which alternate along thc chain (13.42). The structure is an obvious distortion of 
the .deal edge-sharing chain (13.41). The electronic configuration of thc metals is 


13.42 



(x 2 -y 2 )' 
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d' which immediately suggests the possibility of a Peierls type of distortion, result- 
ing in the atoms being linked together in pairs as in thep 1 case of polyacetylene or 
s 1 case of hydrogen. The band structure associated with the d orbital region of the 
undistorted structure is shown in Figure 13.9. Its derivation and complete under- 
standing is beyond the scope of this book. It is somewhat more complex than our 
previous examples in that the dispersion along the chain direction is controlled not 
only by direct d-d interactions between the two metal centers but is also mediated 
by the presence of bridging halide orbitals. The overall picture is one of the two- 
above-three level structures found for octahedral metal coordination. (We only 
show the lower energy group of three in Figure 13.9.) Since there are two metal 
atoms per unit cell there are three pairs of bands as shown in Figure 13.9b. On dis- 
torting 13.41 to 13.42 it is easy to see how each pair of folded bands splits apart in 
energy at the zone edge, just as in Figure 13.5. In Figure 1 3.9 it is clear that if the 
distortion is large enough then the band labeled (x 2 - y 2 ) + will be split off from the 
rest and, with one d electron per metal atom, will give rise to an insulator. It is 
interesting that applying pressure to isostructural Nbl 4 converts it to a metal. This 
can be regarded as a result of the pressure-induced reduction of the niobium-niobium 
bond alternation and the overlap of a filled band with an empty one, as in the inter- 
mediate case of Figure 13.9. 

Many other examples exist, 7 with perhaps very different chemical compositions, 
but which are understandable in an exactly analogous way. 9 One particularly im- 
portant series are the organic metals made by stacking planar molecules on top of 
one another. Tetrathiofulvalene (TTF) shown in 13.43 is one example. The tetra- 
methylated derivative (TMTTF) and its selenium analog (TMTSF) are two others. 
Stacked conductors containing these units may be made in an exactly analogous 
way to the tetracyanoplatinate (TCP) example described above. (TTF)Br~ 0 .73 > f° r 
example, has a conductivity parallel to the chain axis of about 400 12 1 cm 1 . Here 
the orbital involved in forming the one-dimensional band is not localized on a single 
atom as in TCP but is delocalized over the organic unit. In (TTF)Br where this band 
is exactly half-full discrete (TTF)j 2 dimers are found with an exactly analogous 
explanation to the one for the dimerization of the H atom chain 13.34 to 13.35. 
7,7,9.9-tetracyano-p-quinodimethane (TCNQ) is another example of an organic 
metal (13.44). The system [H(CH 3 ) 3 N] + (D ,/3 (TCNQ)~ 2/3 has a conductivity of 
~20 S2' 1 cm -1 . Note that TTF forms a cationic but TCNQ an anionic chain. Al- 
though this is a simple description of the electronic problem here, these systems 
are, in fact, somewhat more complex than we have intimated. 



13.43 13-44 


13.4. THREE-DIMENSIONAL SYSTEMS 

So far we have concentrated on one-dimensional systems, but this approach is 
readily extended in principle to two and three dimensions. We shall illustrate the 
three-dimensional case with a simple example. The natural structure to look at is 
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simply the linking together of chains of atoms along the y, and z directions «« 
This gives rise to the simple cubic structure of 13.45. it is easy to generate the k 


-yyo 


0^0 


,-o 


13.45 


o^cr' 

dependence of the energy of an s orbital located on each atom as equation 13 36 
where we specify values of k in terms of the three Cartesian directions. The energy 
dependence ,s simply the sum of three perpendicular systems each given by equation 
- .3 It is problematical to display the energy dependence upon k x , k y , and k si- 
multaneously, but what is done is to present slices through the e(k) surface as in 
'ifc ^ a " d X represent points in the Brillouin zone 

<2n/rA r ~ t Z ° ^ *• *) (2 v/a), (I i 0) (2rr /a) and (0. 0. 1) 

?"/ )’ f CCt ' Vely ' , Clcar| y because of the symmetry inherent in equation 13 36 

) ”7 k ; Vhe 0 J W <°’ ^ 0) “ d <1. 0. 0) M L eq °ual 

Brillouin zone ' ' ’ " S ° °"’ 3rC calIed the s y mmetr y Points of the 

e(k) = q + 2/3 [cos k x a + cos + cos k t a] (1 3 . 40) 

for the three p orbitals of the primitive cubic lattice (13.45) the result is also 
fe ,f JT-type omtap „ d >ny lntetaction wlth thc , 0 ,L, a , s ,, oe X 5 “ 

™“ S ™ of , ,hr “ d “S™"‘ °f •!» type shown i„ Figure 13.8 whe'f U,o “ 
dependence on k is given by three functions of the type of equation 13 . 39 . S ' 

e(k) = a - 2/3 cos k x a for p x 

<?(k) = a-2/3cos k y a for Py (I34]) 

t'(k) = a - 2/3 cos k z a f or p z 


a -6/3 


a + 2/3 


a +6/3 



13.10. Dispersion behavior of the s orbitals of a simple cubic structure ( 13 . 45 ). 
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FIGURE 13 11. Dispersion behavior of the p orbitals of a simple cubic lattice (neglecting n 
type overlap). 



where 

^ k = i ** + j y + kA z (13.42) 

i J . and k being three unit vectors along the Cartesian x,y, and z directions, rcspec- 

A picture analogous to that of Figure 1 3. 1 0 is shown in Figure 1 3.1 1 . Note that 

Just P a tfT If’ ni°V he ,hreC P ° rbi,a,S ° nly holds al points F and M. 
a P f l one-dimensional chains of the previous section underwent 

a P i ris distortion, so we expect .ha, ,he simple cubic la., ice with three p electrons 

iook at the m, h y T A diSl ° r,i0n ° f ,his 'yP c has indecd occurred when we 

03 4 Aherna.el T °k ‘T* ^ < l3A6 > a " d •««* 

a om nvramiH n L ^ T ^ br ° kcn alon S al > ,llree directions leaving each 
atom pyramidally three coordinate. The result is in accord with their atomic con- 

[guration s p . At the simple cubic structure p x .p y and p z bands would each be 


P As 



1346 13.47 

hair-ful 1 . On applying pressure to crystals or black phosphorus the simple cubic 
rj e ,S P ;°, duccd which J s meta Uic, a process similar to the one described earlier 

'or N b , d the one sought after for hydrogen Both the arsenjc an(J b]ack 

Phorus structures are layer structures with no covalent bonds between the layers 
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FIGURE 13.12. Relationship between the structures of graphite (left) and arsenic (right). 
Geometrically, puckering each sheet of graphite and shifting it relative to the one below it leads 
to the structure of arsenic. 

Each atom is in a trigonal pyramidal coordination. Another way of viewing the 
arsenic structure is as a distortion of another layer structure, namely that of graphite 
(Figure 13.1 2). Three of the four electrons from each carbon atom in graphite are 
used in forming a a-bonded network. This leaves one electron per carbon atom in a 
p z orbital, perpendicular to the graphite plane, which may interact with its neighbors 
in a 7 r sense. Crudely then, planar graphite is akin to CH 3 or BH 3 with one less 
valence electron. Both of these species are planar. NH 3 , however, with five valence 
electrons is pyramidal, as described in Chapter 7, for very well-defined reasons. The 
driving force for pyramidalization in the solid-state analog is similar. In both the 
molecular example of NH 3 and in the example of arsenic here, lone pairs of elec- 
trons occupy the fourth coordination site at each atom. 

An important feature of the energy bands described in this chapter is that (with 
relerence to 13.4) the bottom of the band, which receives the maximum stabiliza- 
tion, is bonding throughout, whereas the most antibonding character is found at the 
very top of the band. In the middle there are nonbonding orbitals. This is of course 
just like the pattern of molecular orbitals found for the first-row diatomic molecules 
in Section 6.1 . In the molecular case an approximate bond order may be defined as 
(number of bonding pairs of electrons) - (number of antibonding pairs of electrons). 
The variation in this function with number of electrons is easy to derive from Figure 
6.3 and is shown in Figure 13.13a. It indicates that the strongest bond is found 
when the atomic p levels are filled to exactly half their capacity (i.e., N 2 ). Forsp 
solids made of main group elements such as Be, C, 0, and so on, then the s and p 
bands broaden out to give a band of hybrid character as in 13.48. Similarly the 
atomic s and d levels of the transition elements broaden into an analogous composite 
band (13.49). The cohesive energies (equation 13.43) of the main group elements 
X vary 11 as shown in Figure 13.13b and show in an exactly analogous way the max- 
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Number of Valence Electrons 



ia n me iyb yb jib veb 
G roup Number 


Group Number 

rSf 1 3 ' 13 - <*> Vibrational force constants of first-row diatomics as a function of number 
(nuih r P T ?° iVE CnCrgy (U) ° f main erou P e,cmen,s as a function of group number 
X n" mblr ^ e ' eCtr ° nS) - ® ^ """ W "-“on a/a function of 



■mum at the half-filled band at the Group IV elements. Similarly the transition metals 
how a maximum m the cohesive energy for six electrons at the chromium group. 11 
^ / fifS - row ™‘ als the P lot of Figure 13.13c is a little asymmetrical due to the 

magnetic nature of the elements Mn, Fe, and Co, a topic we discuss below. One inter- 
estmg pomt concermng these figures is that the cohesive energy is broadly independ- 
ent n phrased alternatively , the energy differences between structural 

alternatives is small compared to the energy of formation of the crystal. 

X( monatomic gas) — Z(solid), A H° = cohesive energy (13.43) 
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13.5. HIGH SPIN AND LOW SPIN CONSIDERATIONS 

Jusl as in the molecular case, and discussed in detail in Chapter 8, there is always a 
choice to be made between filling all the lowest levels with electron pairs and the 
alternative of allowing some of the higher energy levels to be occupied by electrons 
with parallel spins. 13.5 and 13.6 show-ed two extreme cases where all the electrons 
in a band were either all spin unpaired or all spin paired. An intermediate situation 
shown in 13.50 is also of importance, where not all of the spins are unpaired. An 
example of this type, which, in addition to being metallic is magnetic, is found in 
the body-centered cubic structure of elemental iron. There are about 1.5 unpaired 
electrons per atom. 13.51 depicts an alternative way of showing this result which 



13.50 13.51 


emphasizes the lower energy of the up-spin band compared to the down-spin band. 
This is a result of the larger number of up-spin electrons and a concomitantly larger 
number of stabilizing exchange integrals between them, compared to the down-spin 
electrons. As in the molecular case, it is difficult to predicta priori whether magnetic 
or nonmagnetic states will be found in a given instance. One interesting observation 
which has an exact parallel with molecular chemistry is that a change of spin state 
is often associated with a change in structure. Just as high and low spin four-co- 
ordinate d s molecules are tetrahedral and square planar, respectively, (Section 16.4) 
so magnetic iron has the body-centered cubic structure but nonmagnetic iron crystal- 
lizes in the hexagonal close-packed arrangement. Note that in Figure 13.13c the 
magnetic elements had a smaller cohesive energy than expected. This may be under- 
stood as a result of the population of some of the higher energy antibonding orbitals 
as in 13.50 combined with the fact that the atomic configurations of the correspond- 
ing gaseous atoms are different. 

Another instance where spin state is important and has a direct bearing on struc- 
ture is in one-dimensional systems. Just as in Section 13.2 where we showed how a 
half-filled band usually results in a pairing distortion, so similar reasoning suggests 
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that a quarter-filled band should result in a tetramerization 13.52. However, if the 
distorted arrangement is magnetic then dimerization is the process that is favored 
13.53. Again prediction of the mode of distortion is not at all easy. The state of 
affairs shown in 13.53 is found for the (MEM) + (TCNQ)2 species [(MEM) + = methyl 
ethyl morpholinium cation] where there is one electron per two TCNQ orbitals. 4 
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CHAPTER FOURTEEN 


Hypervalent Molecules 


14.1. ORBITALS OF OCTAHEDRALLY BASED MOLECULES 

In many of the molecules studied so far there were obvious ties between the orbital 
picture we presented and traditional ideas of electron pair bond formation. But not 
all molecules arc susceptible to the elementary decomposition described in Chapter 
7, which showed the correspondence between localized and delocalized bonding 
viewpoints. For example, the linear H j molecule of Section 3.3 has a single pair ol 
electrons located in a bonding orbital and another pair in a nonbonding orbital. 
Clearly the two H— H “bonds” cannot be described as two-center-two-electron 
ones. In this case the best description of the bonding situation is as a three-center 
orbital arrangement containing two bonding electrons. Such ideas are quite familiar 
to us in the realm of conjugated organic molecules. In benzene, for example, we 
consider a 7r network delocalized over all six carbon atoms of the molecule. With a 
total of six 7 r electrons located as three bonding electron pairs and six CC linkages, 
the C— C 7 r bond order is just as in Hj. Such considerations are so much a part 
of the chemist’s background that we feel quite comfortable mixing localized (e.g., 
the benzene C — H linkages) and delocalized (e.g., benzene C— C 7r linkages) de- 
scriptions of bonding within the same molecule. In this chapter we will study some 
main group molecules (such as SF 4 or C1F 3 ) where, as in benzene, localized and 
delocalized bonding descriptions may be concurrently used to describe different 
parts of the molecule. These molecules may also be viewed via a completely de- 
localized description. For some species, such as SF 6 we have no choice but to use 
a delocalized description unless higher energy cl orbitals are included in the bonding 
picture. For “penta or hexavalcnt carbon” (e.g., C 5 Hj or C*H* + * n Section 1 1.3) 
where such d orbital participation is unlikely on energy grounds, a delocalized 
picture is the only one we have. 

First we generate the levels of an octahedral AH 6 molecule since it illustrates 
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A AH 6 H 6 



FIGURE 14.1. assembly of the molecular orbital diagram of an octahedral AH 6 molecule 
Irom the orbitals ol A and of H$. d orbitals are not included on A. 


several of the general features associated with these so-called hypervalent molecules 
—molecules with more than an octet of electrons around the central atom. Group 
theory plays an important role. Figure 14.1 shows the strikingly simple interaction 
diagram for AH*, assembled from an A atom bearing valence s and p orbitals and 
six hydrogen Is orbitals. The ligand orbitals break down into three sets of s u ,, e g , 
and symmetry. An important result is that the e g pair finds no central atom 
orbitals with which to interact and remains completely ligand located and there- 
fore A II nonbonding. With a total of six valence electron pairs (e.g., for the 
hypothetical SH* molecule) four occupy A — H bonding orbitals and two are placed 
in this e g nonbonding pair. So the molecule has six “bonds” but only four bonding 
electron pairs. I he form of these bonding orbitals is particularly interesting. The 
lowest energy level arises via the in-phase overlap of the central atom s and ligand 
® or bitals, but the triply degenerate f,„ set are three center-bonding orbitals just 
like the lowest energy orbital in Hj (Figure 3.1). The only difference arises from 
the fact that the central atom in AH* has a p orbital while the central hydrogen in 
. 3 has an s orbital. The symmetry of the molecule leads to a single nonbonding, 
igand-located orbital for Hj but in AH* there is a doubly degenerate pair of ligand 
based orbitals (e g ). Just as in the case of Hj, electronic configurations with oc- 
cupation of the nonbonding e g pair lead to a buildup of electron density on the 
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ligands. This is difficult to show in a general analytic way, but a simplification 
of this orbital picture will help. The Rundle-Pimentel scheme 1-2 neglects the 
involvement of the central atom s orbital, except as a storage location for one 
pair of electrons. Let us assume that the atomic sulfur 3 p and hydrogen Is orbitals 
have the same energy. Then the form of the wavefunctions for the lr lu and e g 
orbitals are readily written down as in 14.1. Using these results leads to a ligand 



density of | electrons (where overlap between the ligand atomic orbitals has 
been neglected) and a central atom density of five electrons for the configuration 
(la,,,) 2 (l/ ll( ) 6 (e^) 4 . With specific reference to S1I 6 this implies a transfer of one 
electron from the central atom to the ligands as a result of this electron-rich three- 
center bonding. The result suggests that the best stabilization will arise when the 
terminal atoms of such a structure are electronegative ones. This is in general true. 
For example, SF 6 is known but SI1 6 is not. In a qualitative sense we could have 
anticipated this result by inspection of the interaction diagram of Figure 14.1. If 
the ligands are electropositive, then the e g set would lie at high energy and the 
compound would be expected to undergo oxidation very readily. 

One way that has been used to produce a localized bonding picture for mole- 
cules of this type is to involve the higher energy valence shell d orbitals in bonding. 
In the 0,, point group these transform as e g + t 2g and the result of their inclusion is 
shown in Figure 14.2. Now, of course, there are she bonding orbitals and the rules 



FIGURE 14.2. Effect on the AH 6 energy 
levels of including d orbitals on A. The e g 
orbital, nonbonding in Figure 14.1 is lowered 
in energy. 


of Chapter 7 would allow us to generate six localized two-center-two-electron 
orbitals. The only question concerning such a picture is one of magnitude. Just 
how important are these orbitals energetically? This is still a controversial question 
but probably the involvement of, for example, the sulfur 3d orbitals in the ground- 
state wavefunction is small. For “pcntavalent” first-row atoms as in the set of 
compounds 3 in 14.2 then the energy separation between central-atom 2s, 2 p, and 



14.2 


Ar • p — MoC 6 H 5 , p-FC 6 H 5 
R ■ t-Bu,H 

3d orbitals is so immense that the higher energy orbitals arc of no importance at 
all. (In any case, any inclusion of d orbitals will slightly stabilize the e g set and will 
not alter our conclusions.) We will proceed in this chapter without the use of d 
orbitals and, therefore, force a delocalized description of the electronic structure in 
several places. 

The hypothetical Sll 6 molecule (the arguments for SF 6 will be similar) has one 
pair of electrons in the lowest energy a lg orbital, three pairs of electrons in three- 
center bonding orbitals, and two pairs in nonbonding orbitals. With an extra pair of 
electrons the 2 a xg orbital is occupied, an orbital that is A— H antibonding. Now 
there are only three bonding pairs for six bonds. The molecules SbX£' (X = Cl, Br; 
n= 1, 3) are known which differ in the occupancy of tliis a lg orbital (2 a ig is 
empty for n = 1). In nice verification of our description of the 2 a lg orbital, the 
bond lengths are substantially shorter for/i = 3 compared ton = 1 . (For X = Cl, bond 
lengths are 2.65, 2.35 A; for X = Br they are 2.80 and 2.55 A.) 

Figure 14.3 shows the analogous derivation of the level structure of the square 
planar AH 4 molecule. Once again group theoretical considerations are very useful 
in its generation. There are now two nonbonding orbitals; one ligand located and 
the analog of the e g pair in AH f , and one purely A located. Tliis second orbital is a 
pure A p orbital which has a zero overlap with all the ligand s orbitals. The level 
ordering for square-planar AH 4 in Figure 14.3 is different from that discussed 
for square planar methane in Section 9.4. Here the central main group atom 
will be surrounded by electronegative atoms. (We have modeled them by hydro- 
gens for convenience.) For the discussion in this chapter the b lg orbital is placed 
below a 2u , anticipating that a more realistic case would be an AF 4 molecule. 
Figure 14.4 shows the very interesting energetic correlation between the levels of 
linear AH 2 , square planar AH 4 , and octahedral AH 6 . The orbitals that directly 
correlate between AH 2 and AH 4 are connected by a solid line. Two hydrogen 
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A AH 4 H 4 



FIGURE 14.3. Assembly of (lie molecular 
orbital diagram of a square AH 4 molecule 
from the orbitals of A and ll„. d orbitals 
are not included on A. 


atoms are added to AH 2 and consequently there will be two additional valence 
orbitals in AH 4 . One of these is derived from one component of the ir u set in 
All,. Bonding and antibonding combinations to o„ from the H 2 “fragment” are 
formed. This is indicated by dashed lines in Figure 14.4. The other orbital that is 
formed is b lg . This is derived from the a g fragment orbital of H 2 . Likewise, on 
going from AH 4 to AH 6 two extra molecular orbitals are created. One is derived 
from the a 2u orbital of AH 4 . Combined with the o„ orbital of H 2 one compo- 
nent of the 1 and 2 t lu orbitals result. The other MO is derived from a.. ofH 2 , 
and leads to one component of the e g set. We can use this diagram to trace the 
similarities between XeF 2 , XeF 4 and XeF 6 , the latter assumed to be octahedral, 
we will return to its distorted structure below.) The usual assumption is made that 
re energetics of these molecules are dominated by the a manifold. These species 
men Have five, six, and seven a pairs of electrons around the xenon atom, rcspec- 
lvely All three molecules are held together by three center bonds involving the 
central atom p orbital. The bonding contributed by the occupation of the deep 
ymg orbital involving the central atom s orbital is canceled by occupation of its 
antibonding counterpart. The o-bond order in all cases is thus equal to f All three 
species have two nonbonding orbitals. In XeF 6 they are ligand located. In XeF 2 
icy are central atom located. In XeF 4 there is one orbital of each type. Clearly the 
nature of the electronic charge distribution is determined by the symmetry of the 
system in these cases. 

A prominent feature of Figure 14.4 is the decreasing HOMO-LUMO gap in AH„ 
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Correjatien diagram for the molecular orbital levels of linear AH 2 , square AH 4 
nd octahedral ah 6 . The orbital occupancy is .hat expected for the XcH„ systems Each time 

adding fwo 8 H am ‘° SyS,C '"’ ,wo ncw orbita,s are «^ted. For example, on 

addmg two II atoms to AH a , a new ligand-located orbital (6, is produced). The dashed lines 

rise L Z Hr ° f al0ng With ° n ° *** C ° n,bina,i0n «" added H 2 give 

f S ; Increases - ln some AX 6 molecules with this electronic configuration the octa- 
hedral geometry is unstable and the molecule distorts. Since the HOMO is of a, 
symmetry and the LUMO of t Ul symmetry, according to the second-order Jahn- 

HOMnTiEr> 0f ChaPt l r 3 r ' u Symmetry distortion should open up a larger 
HOMO-LUMO gap as shown in 14.3. If the driving force is large enough a static 
istortion will result. As with any degenerate set of orbitals we have a choice of 
how to write the wavefunctions. To see what happens in the distortion given by 

bination of thTiVf 4 ' 4 “ ° n ® C ° mponent of a new 2t i u ^ by using a linear com- 
bination of the old functions. On distortion the 2a u orbital and 14.4 mix together 

o give a hybrid orbital directed toward one face of the octahedron (14 5) As the 

distortion proceeds this orbital becomes more and more like a lone pair. The result 

is an interesting one when this orbital behavior is compared with the geometrical 

pedictions of the VSEPR (valence-shell-electron-pair-repulsion) scheme . 4 In this 

do L h : ! PPr0aC ’ f ° r the predktion of the geometries of main group com- 
pounds the electron pairs in the valence shell of the central atom are considered to 
arrange themselves so as to minimize the electrostatic repulsions between them. In 
lane there are a total of four valence pairs (four electrons from the central 
carbon atom and one from each coordinated hydrogen atom). These arrange them- 
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selves in a tetrahedral geometry. Since each electron pair is a bond pair then the 
location of these pairs determines the position of the hydrogen atom ligands. The 
geometry of CH„ is tetrahedral as a result. In NH 3 there are also a total of four 
valence electron pairs (five electrons from the central nitrogen atom and one from 
each coordinated hydrogen atom). Three out of the four are bond pairs and one is, 
by default, a lone pair. NH 3 as a result has a pyramidal geometry with one lone pair 
envisaged as pointing out of the top of the pyramid. In XeF 6 with a total of seven 
pairs we expect to observe an octahedral geometry with a lone pair occupying a 
seventh site. Some species isoelectronic with XeF 6 have a distorted structure, 
others have a regular octahedral geometry. In molecules that fall into the second 
category their geometry is often discussed in terms of an inert pair of electrons. 

us chemically inert pair of electrons often implied by the structures of com- 
plexes containing a heavy atom from the right-hand side of the Periodic Table, has 
long posed a problem for theorists. At present, the best explanation of the reluc- 
tance of the 6s pair of electrons to enter into bonding is based on a relativistic 
etlect , which manifests itself primarily as a contraction of s rather than p orbitals 
and is expected to be most important for heavy atoms. XeF 2 and XeF 4 present no 
problems for the VSEPR scheme. With five and six pairs of electrons respectively 
tnese molecules should have the structures shown in 14.6. 
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n J he A Ie J elS ° f T" Pyramida ' AHs are eas y t0 devise either from the square 
the orbhals oTbothlh ' ^ Sh ° WS a correlation diagram with 

for e en Pro ! T 7 ^ ° f ,he 0rbitaIs have descriptions (and there- 

an eTs ri 90° Th *° ", ^ and AH ‘ ^ries if the Ixial/basd 

angle is set at 90 The only orbitals that do have different energies are those of 

™ try - ,n ‘ hiS , POint 8r ° UP b ° th the ft and * orbitals transform as (if we 

and will the 3 f X,S t0 ParaI1 ? t0 thC f ° Urf0ld r ° tati0n 3X18 0f the Pyramid) 

orbitll ll fT ^ Tu l ° Pr ° dUCe hybrid ° rbitals ‘ The dee P est lyings 
.nt ' d0minated ^ central atom s rather than p character and so lies 

The 1 n^ri ^hiehe : : stfn 'h^ T ^7, an3l080US ° rbi,alS in the SC > Uare and octahedron. 

st orblta1 ’ 2a i - although it contains some basal ligand character is 

L trbM ta" 8 T b ' tal b “T n a, ° m P * “ d 1116 “ ial B S“ d ! otbital. 

Uke Tc 2a „ I- ,T ‘ “? tnb “' i0 ” central "tom a and ligand orbitals (just 

T a" 1 " mit) “ alS ° a Sig ” ,fk “* “fMKation L 

It "s“n XS ,X,, ! l8,nd " bi,als >*' 'he 2t,„ orbital of the AH, unit). 

of V" , dB r te be ' Wem ,W ° ax,remea - As a ■«* 

S S the Z TSS' T a Vh 8 "? T® ■ combines the 

ligands, and the*antibondh!g^rtner b to 0 the n 2 a ,et axM n h en d ra ^ * °I b “ “ d 
composition thus iead, 
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bonding (as in XeF 4 ) for the four basal ligands plus a conventional two-center- 
two-electron bond for the axial ligand. This picture can only be an approximate 
one of course because of this intermixing between a, orbitals. In accord with this 
picture however, the axial distance (two center bonding) is shorter than the basal 
ones (three center bonding) in BrF 5 and C1F S (14.7). 



BrF s and C1F 5 do not have the square pyramid geometry with 0 = 90° but 
exhibit a somewhat smaller value (~84°). The reason for this is easy to see by 
considering the energetics of the HOMO as a function of angle. Notice in 14.8 



O’ 90 ° 0 < 90 ° 


the phase of the central atom p z orbital relative to the basal ligand orbitals. At 
0 = 90° there is no overlap between these two orbital sets. A distortion to 0 > 90° 
switches on an antibonding (destabilizing) interaction between these atomic or- 
bitals, but a distortion to 0 < 90° generates a stabilizing, bonding interaction. A 
distortion too far in this direction leads to repulsive, antibonding interactions 
between axial and basal ligand orbitals. The VSEPR explanation of this result is 
the following. In BrF s there arc six valence pairs which point toward the vertices 
of an octahedron. Five vertices are occupied by ligands, the sixth is vacant. Into 
this position a lone pair orbital is directed, 14.9. One of the VSEPR rules, 4 that 


F 



lone pairs repel bonding pairs more than bonding pairs repel each other, requires 
the basal ligand's bond orbitals to be pushed away from the lone pair leading to 
0 < 90°. We see here the orbital explanation of this rule. 

The level structure of the T-shaped AH 3 is readily derived from that for the 
square pyramid by removal of a trails pair of ligands. This is shown in Figure 14.6. 
Indeed the orbitals of AH S and AH 3 are very similar. The nonbonding ligand- 
located 6, orbital of the square pyramid is replaced by a nonbonding, central-atom- 
located orbital (6]). Notice that going from All s to All 3 two valence orbitals are 
removed (corresponding to o g and o u from the 11 2 unit which is lost). One of these 
is b\ in AH„ which correlates with a g . The other is derived from one component 
from each of le and 2c. The nonbonding 6, orbital in AH 3 is created (as shown by 
the dashed lines), and the a u orbital of H 2 (not shown), on loss of the two hy- 
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and Tihiiwf a Correlation diagram for the molecular orbital levels of square pyramidal AH S 
dLhcd lie lines 3 ‘ ln ^ SUrCS ^ Sl ' 0W ‘ hC effCC ‘ ° f ,hc " CW orbitah b y the “SC of 


drogen atoms. With a total of five pairs of electrons in C1F 3 the details of the bond- 
ing situation is exactly analogous to that in BrF s . There arc two ligands, trans to 
one another, attached to the central atom by three center bonding and one ligand 
attached by a conventional two-center-two-electron bond. Accordingly in these 
molecules the unique bond is the shorter one (14.10). Since the trans pair of atoms 
carries the highest charge in the unsubstituted parent (as we showed earlier for 
electron-rich three-center bonds) in derivatives such as 14.11, the more electro- 
negative ligands occupy these sites. Just as S N 2 processes at tetrahedral carbon 
proceed through a transition state with a trigonal bipyramid geometry, so the analo- 
gous substitution at sulfur in RSX compounds is calculated 6 to proceed through a 
1 -shaped geometry. In equation 14.1, the RSXX' species with the lowest energy 
is the one with the electronegative halide (X) atoms located in the arms of the T. 



14.10 


14.11 
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X— S + X'“ 
I 

n 


(14.1) 




the electronegative halide (X) atoms located in the arms of the T. 

The bending back of the tram ligands in the structure 14.10 to give an angle 
0 < 90° is explicable along exactly the same lines as the distortion of BrF 5 in 14.8. 
In VSEPR terms the argument is also similar to the one used for BrF s . C1F 3 con- 
tains five valence electron pairs which are arranged in the form of a trigonal bi- 
pyramid (14.12). Placing two lone pairs in the trigonal plane and using the same 


B < so* A 

fXc,@ 


14.12 


argument concerning the relative sizes of the repulsions between the bond pairs and 
lone pairs leads to the prediction of a 0 <90°. But just where are those two lone 
pairs drawn in 14.12 from a localized (VSEPR) perspective in a delocalized picture? 
Linear combinations of them yield two orbitals of b , and a, symmetries. It isim- 



FIGURE 14 . 7 . Correlation diagram for the molecular orbital levels of an AH4 unit with the 
butterfly (SF4) geometry, with those of T-shaped AH3 and nonlinear AH 2 . As in earlier figures 
the effect of the extra orbitals is indicated by the use of dashed tie lines. 
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mediately apparent that they correspond to the A, and 3a, molecular orbitals for 
AH 3 in Figure 14.6. Figure 14.7 shows an orbital derivation for the butterfly struc- 
ture of SF 4 from that of C1F 3 by addition of a ligand. The level pattern and de- 
scription of the molecular orbitals are very similar to those of the square pyramidal 
AH 4 and T-shaped AH 3 geometries. Also shown in Figure 14.7 is the derivation of the 
level pattern from the orbitals of a bent AH 2 triatomic unit. As in the cases of C1F 3 
and BrF s the energetic behavior of the HOMO in SF 4 allows understanding of the 
angular geometry of the molecule, 14.13. The distortion away from the ideal struc- 

1.646/1 

, 0,^0 167 - |413 

1.545 F 

ture runs, as in all of these molecules, counter to steric reasoning. Also the site pref- 
erence problem is a similar one to C1F 3 and BrF s . In SF 4 the electronic description 
of one pair of tram ligands attached by three center bonding, and two other ligands 
attached by the two-center-two-electron bonds leads to the prediction of the three 
center sites for electronegative atoms in substituted sulfurancs as found in the ex- 
amples of 14.14. The bond lengths of 14.13 are in accord with this picture too. 

F Cl Br 

Me 4 Me "T. C 6 H 5.j e 

Me^l CgH^J 14.14 

F Cl Br 

The orbital correlation diagrams of Figures 14.4-14.7 were used to highlight the 
orbital relationships between many AH„ species. As an exercise the reader should 
work through explicit orbital interaction diagrams for the compounds in terms of 
interacting an AH„ fragment with one or two hydrogen atoms. One could also 
consider what happens, in orbital terms, when a hydrogen atom is removed from 
AH„ to give a square pyramidal AH S molecule. That is a method which will be 
extensively used for the derivation of the valence orbitals of ML,, fragments in later 
chapters. 

14.2. GEOMETRIES OF HYPERVALENT MOLECULES 

We have already mentioned the predictions of the VSEPR approach in the area of 
molecular geometry. Here we will not exhaustively treat all possible geometric ex- 
cursions away from a symmetric structure in orbital terms but will show slices 
nrough the potential energy surface along some selected distortion coordinates. 
14.15 shows the connection between the levels of the planar AH 3 molecule of D 3f 
symmetry and the corresponding levels of the T-shaped C 2 „ planar geometry. With 
a total of five valence electron pairs the 2a\ orbital of the D 3h structure is oc- 
cupied. This orbital is rapidly stabilized on bending toward the T-shaped structure 
since it strongly mixes with one component of the LUMO of the D 3h structure as 
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shown in 14.16. Octet molecules have an empty 2 a\ orbital and are stable with 
respect to such a distortion. Molecules with five valence pairs, where this orbital is 
occupied, should then be unstable at the D 3 ), geometry and distort to a C 2v arrange- 
ment. The first excited electronic state of NH 3 in planar (Z> 3 /,) and has the con- 
figuration ... (le') 4 (lrza) 1 (2a \ )’ . With only one electron in this 2 a\ orbital, 
therefore, the geometry remains trigonal and does not distort to the C 2 „, T-shaped 
structure. The distortion of the D 3h to C 2v geometry for C1F 3 may be envisaged as 
a second-order Jahn-Tellcr instability of the trigonal structure with this electronic 
configuration. A distortion coordinate of a\ X e = e will allow HOMO and the one 
component of the LUMO to strongly mix, as shown in 14.16. 

The energy level diagram for the D ah ~*C 4u distortion of the square plane, 
shown in Figure 14.8, is easy to derive. It was briefly discussed in Section 9.4 and 
has obvious ties with the pyramidalization of planar AH 3 (shown in 9.22) and the 
bending of linear AH 2 (shown in 7.19). A prominent feature is the strong coupling 
between a 2u and 2 a lg orbitals on bending. With five electron pairs, SF 4 therefore 
should be unstable at the planar geometry in a second-order Jahn-Teller sense. The 
situation is reminiscent of that of NH 3 , and the pyramidal structure should be 
stabilized with respect to the planar one. For SF 4 (or hypothetical SH 4 ) with this 
configuration the C 4 „ geometry is a possible candidate for the ground-state struc- 
ture. We have shown that SF 4 actually exists in a C 2v geometry (14.13). The 
relationship between the C 4u and C 2v structures for these molecules with five pairs 
of electrons is one that will shortly be explored. XeF 4 with six valence pairs will be 
more stable at the planar structure since here the HOMO is destabilized on pyrami- 
dalization. (The same argument can be used to rationalize the planar rather than 
pyramidal first excited electronic state of N1I 3 .) Use of second-order Jahn-Teller 


GEOMETRIES OF HYPERVALENT MOLECULES 


271 


D 4h C4V 



FIGURE 14.8, Walsh diagram for the pyramidalization of square AH 4 . 


ideas at the tetrahedral geometry leads to a different geometry, the butterfly struc- 
ture of 14.13. 14.17 shows how the HOMO (2a i) and LUMO (2r 2 ) may couple 



together during a t 2 distortion which leads to the observed structure of SF 4 . 
Whether the C 2u or C 4 „ structure lies lower in energy is very difficult to predict. 7 
Numerical calculations 8,9 suggest that the C 4v structure is the lower energy isomer 
for the (hypothetical) SH 4 molecule but the C 2u structure is the lower energy 
isomer for SF 4 (as observed). The energetic juxtaposition of these two structures 
leads to a ready pathway for the isomerization of SF 4 (14.18). Notice that the ini- 
tially axial ligands (of the VSEPR trigonal bipyramid) labeled with asterisks become 


272 HYPERVALENT MOLECULES 



the equatorial ligands after rearrangement. This process is just the Berry pseudo- 
rotation process for five coordinate molecules (which we describe more fully be- 
low) but with a lone pair occupying the fifth coordinate position 14.19. The Berry 
process (or rather a ligand interchange process consistent with it) has been verified 
for SF 4 by NMR studies. 10 




14.19 


Main group five-coordinate molecules are found cither as trigonal bipyramidal 
molecules (c.g., PF S ) or as square pyramidal species (c.g., BrF s ). Geometrically 
they are quite close as shown in 14.20, a projection down the fourfold axis of the 

H H 

H+H H -j- H 14.20 
H H 

square pyramid and one of the twofold axes of the trigonal bipyramid. The levels 11 
of the AH S trigonal bipyramid are built up in Figure 14.9 from an A atom plus five 
ligands and in Figure 14.10 from the trigonal plane plus a pair of axial ligands. In 
the five-electron pair molecule the HOMO is a nonbonding orbital. Its origin is 
best seen in Figure 14.9. Here the ligand orbitals contain two a\ representations. 
The central atom * orbital transforms as a\ too. In AH S the a[ orbitals constructed 
from these three are an orbital bonding between j and both axial and equatorial 
ligands, an orbital antibonding between s and both axial and equatorial ligands and 
a nonbonding orbital. The axial ligands are clearly attached by three-center bonds 
in this molecule. The equatorial ligands, however, are attached by conventional 
two-center-two-electron bonds. We could imagine sp hybrid orbitals constructed 
from the la, and le' orbitals as shown in 14.21. As a result the axial linkages are 



longer than the equatorial ones in PF S , 14.22. Also in accord with this bonding 
in^H^S C ectrone ® atlve -brents preferentially reside in the axial positions as 

Figure 14.11 shows the orbital correlation diagram connecting the square 
pyramidal and trigonal bipyramidal structures. Comparison of the occupied levels 
or five valence pairs of electrons shows little energetic preference for either struc- 
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14.22 14.23 


amnPcmcnI'n'M!'" 5 “V'* 80 " 31 bipyramidal structure but with a low energy re- 

six pairs of P '* ,' Wdy ? m ° St certainly v,a the square pyramidal geometry. With 
x pairs of electrons the geometric preference for BrF< is much more clear cut 

house th- Uare “ gC ° metrv there is an accessible low energy orbital (3a, ) to 
house this sixth pair. In me trigonal bipyramidal geometry the sixth Jair has £ 
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FIGURE 14.10. Assembly of the molecular orbital diagram for trigonal bipyramidal AH S from 
the levels of A and of trigonal planar AH 3 and those of H 2 . 

occupy a very high energy orbital and so this geometry is unlikely. It is interesting 
how the VSF-.PR approach of 14.9 with six electron pairs but only five ligands 
captures the essence of this orbital result. 

Facile rearrangement of PF 5 may occur via the Berry pseudorotation process 
14.24. After an excursion to the square pyramidal structure and back, axial and 



equatorial sites of the trigonal bipyramid have been exchanged. From the diagram 
o Figure 14.1 1 this is an orbitally allowed process for five valence electron pairs, 
ft is interesting at this point to mention the structures which have been calcu- 
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—mi g r ,X) ° f “ bi — AH < ~ to the 


tion but the m™, T 5 ' S Pr r t0 bC UnSt3ble Wi,h res P ect t0 dissocia - 
binvrami'Hq^ ? ? f b ' e ge0metr y of the io " with this stoichiometry is the trigonal 

W stl N H fT ° n Sta,e -” CHJ 0n the 0ther hand is a " “electron de- 
geometrv show “ h ‘‘ S ^ een observed in ™ss spectra. It is calculated to have the 
g etry shown m 14.25, and as indicated may be regarded as being isoelectronic 
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with II 3 . A CH 3 unit provides a single orbital which contains one electron just like 
one of the H atoms in H 3 . This structure is estimated 12, 13 to be about 1 1 keal/mol 
lower in energy than the trigonal bipyramidal structure. 


REFERENCES 

1 . R. E. Rundle,/. Amer. Chem. Soc., 85, 112 (1963). 

2. G. C. Pimentel, J. Chem. Phys., 19, 446 (1951). 

3. T. R. Forbus and J. C. Martin, J. Amer. Chem. Soc., 101, 5057 (1979). 

4. R. 3. Gillespie, Molecular Geometry, Von Nostrand-Rheinhold, London (1972). 

5. K. S. Pitzei, Accts. Chem. Res., 12,271 (1979). 

6 . V. I. Minkin and R. M. Minyaev, Zh. Org. Khim., 13, 1129 (1977), Eng. trans., 13, 1039 
(1977). 

7. M. M-LChen and R. Hoffmann, / Amer. Chem. Soc., 98, 1647. 

8 . R. Gleiter and A. Veillard, Chem. Phys. Lett., 37, 33 (1976). 

9. G. M. Schwenzer and II. F. Schaeffer,/ Amer. Chem. Soc., 97, 1391 (1975). 

10. W. G. Klemperer, J. K. Krciger, M. D. McCreary, F„ L. Muetterties, D. D. Traficante, and 
G. M. Whitesides,/. Amer. Chem. Soc., 97, 7023 (1975). 

11. R. Hoffmann, J. M. Howell, and F„ L. Muetterties,/ Amer. Chem. Soc., 94, 3047 (1972). 

12. J. B. Collins, P. v. R. Schleyer, 1. S. Binkley, J. A. Pople, and L. Radom, Z A trier. Chem. 
Soc., 98, 3436 (1976). 

13. K. Raghavachari, R. A. Whiteside, J. A. Pople, and P. v. R. Schleyer,/ Amer. Chem. Soc., 
103,5649 (1981). 


CHAPTER FIFTEEN 


Transition Metal 
Complexes — A Starting 
Point at the Octahedron 


15.1. INTRODUCTION 

Apart from a brief digression on hypervalent molecules in Chapter 14 we have 
really only considered molecules with coordination numbers one through four. The 
geometries, or more precisely, the angles around the central atom of these AH„ 
building-block fragments were small in number and fell into rather well-defined 
classes. We have also utilized a small “basis set” of atomic s and p orbitals to 
describe their bonding. In the transition metal field coordination numbers of two 
through eight are common. There is also a richer variety of structural types that arc 
found for these molecules. Many times it is not at all obvious as to whether a com- 
pound should be viewed as a member of one class or another. To make matters 
worse the coordination number of a metal, particularly in the organometallic 
domain is not always uniquely defined. For example Cr(CO) 6 , 15.1, is clearly an 
octahedron. There are two alternatives for ethylcnc-Fe(CO) 4 . One might consider 
it as a trigonal bipyramid, 15.2, or as an octahedral complex, 15.3. Related to this 
issue is whether one regards the compound as an olefin-metal (15.2) or inetal- 
lacyclopropane (15.3) complex. In fact there are two basic geometries foranML 5 
complex: the trigonal bipyramid and square pyramid. If we insist that the ethylene 
ligand in ethylene-Fe(CO ) 4 occupies one coordination site, then it falls into the 
trigonal bipyramidal class. But many ML 5 compounds geometrically lie somewhere 
between the idealized trigonal bipyramid and square pyramid. Ferrocene, 15.4, is 
another common example of the coordination number problem. Is it two coordi- 
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nate, as shown by the drawing in 15.4, or ten coordinate? In actual fact it is better 
described as an octahedron! Wc shall see in Chapters 20 and 21 that the cyclo- 
pentadienyl group effectively utilizes three coordination sites. 

Part of this complexity is a result of the fact that the metal utilizes five d as well 
as its s and p atomic functions to bond with the surrounding ligands, but the reader 
should not despair. Our focus will naturally be concentrated on the metal-based 
orbitals. However, all nine atomic s, p, and d functions will rarely be needed. As in 
the preceding chapters those relationships, and there are many of them, that bridge 
the worlds of organic/main group chemistry to inorganic/organomctallic chemistry 
will be highlighted. Actually structural diversity is an added bonus. Different van- 
tage points can be exploited when a problem is analyzed. Changes in structure can 
certainly modify reactivity, so too will oxidations or reductions and fine tuning the 
electron density at the metal by varying the electronic properties of the ligands. All 
of this makes life more interesting to the chemist. 

This chapter and the next will introduce the use of d orbitals in transition metal 
complexes. First of all we shall build up the orbitals of octahedral ML 6 and square- 
planar ML 4 complexes. These molecular levels will be used to develop the orbitals 
of ML„ fragments which is the topic of Chapters 17-20 so considerable time will 
be spent on this aspect. How the octahedral splitting pattern and geometry is modi- 
fied by the numbers of electrons and the electronic nature of the ligands is also 
undertaken. 
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15.2. OCTAHEDRAL ML 6 

Let us start with octahedral ML 6 . For the moment L will be a simple o donor 
ligand. In other words, L has one valence orbital which is pointed toward the metal 
and there are two electrons in it. Examples are the lone pair of a phosphine, amine, 
alkyl group, 15.5, or even the s orbital of a hydride, 15.6. Some ML 6 examples are 
Cr(PMe 3 ) 6 , 15.7, or the tris(ethylenediamine)Fe 2+ complex, 15.8 (here the ethyl- 
enediamine group is H 2 NCH 2 CH 2 NH 2 ). What we are initially concerned with are 
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the metal-ligand a orbitals, n bonding is reserved for the next section. In this 
regard the pattern that is constructed will not change much for Cr(CO) 6 , 15.1, 
CH 3 Ru(CO) 4 Cl, 15.9, or even the more complicated 15.10. The tt and tt* levels of 
CO and the phenyl group in 15.10 along with the chlorine lone pairs can be in- 
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troduccd into the electronic picture at a later stage of the analysis. While the 
symmetry of 15.9 and 15.10 is low, there is an effective pseudosymmetry that 
the transition metal experiences in the a levels which is octahedral. What is im- 
portant in 15.7-15.10 is that there are six lone pairs directed toward the metal in 
an octahedral arrangement which brings us back to the ubiquitous L groups. They 
will be utilized throughout the remaining chapters when we want to present a 
generalized treatment of a problem. Figure 15.1 illustrates one approach to con- 
struction of the molecular orbitals of ML 6 . On the left side of the interaction 
diagram are the nine atomic orbitals of a transition metal. Notice in particular that 
the d functions are drawn in their familiar form and correspond to the coordinate 
system at the top center of the figure. The z 2 and * 2 - y 2 functionst are of 
symmetry and xy, yz, xz transform as a t 2g set. At higher energies lie the metal s 
and p levels. Recall that we are concerned only with the valence levels, so that 
the inner shells of s and p electrons on the metal are neglected. On the right side of 
igure 15.1 are drawn the symmetry-adapted linear combinations of the ligand a 
orbitals. There are six and their relative ordering is set by the number of nodes 
within each member (see Section 14.1). There are none in «, t iu has one, and 
e g contains two nodes. The a lg and t u , combinations match with metal s and p 
so they are stabilized, yielding the molecular levels 1 a, and l/,„. The e g ligand set 
is stabilized by metal z 2 and x 2 - y 2 which gives the molecular le levels. The 
ordering of these M— L bonding orbitals is exactly the same as that for AH 6 
(Section 14.1) with the exception that \e g was left nonbonding in the main group 
system. There was also not such a large energy gap between the central atom s and 
P AO set and the “ligand” a Ig , t lu , and e g sets for AH 6 . Here the six M— L bond- 
ing orbitals are concentrated at the ligands. There are also six corresponding M-L 
anti ending levels: 2e g , 2a ig , and 2 t lu which are heavily weighted on the metal 
a om. Left behind is t 2g on the metal. It is nonbonding when L is a a donor; how- 
ever, it will play an important role when the ligands have functions that can enter 
into tt bonding with the metal. Inspection of Figure 15.1 shows that an octahedral 
compound is likely to be stable when t 2g is either completely filled or empty. The 


SrflTn In r6St ° f thiS b °° k WE Sha " rCfer ‘° llie n d AOs as z 2 , x 2 - y 2 , xz, yz, and xy. 
Ihe (« + l)p AOs are given as x,y, and z. ’■ ' 
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FIGURE 15.1. Development of the molecular orbitals of an octahedral ML 6 complex where 
L is an arbitrary o donor ligand. 

former case is more likely for transition metals and one can think of the six elec- 
trons in t 2g as three sets of lone pairs which are localized on the metal. Together 
with the 12 electrons from the M — L bonding levels creates a situation where 18 
valence electrons are associated with the metal. 

It is the HOMO, t 2g , and the LUMO, 2e g , which will be the focus of our atten- 
tion throughout the rest of this book. They are shown in 15 . 11 . The energy gap 
between t 2g and 2e g is a function of the ligand a donor strength (in the absence 
of ir effects). Raising the energy of the ligand lone pairs causes the energy gap 
between ligand e g and the metal d set to diminish. Consequently there is a stronger 
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tural changes that accompany the population of 2e g . Structural data 2 ” exist for 
low spin Co(NH 3 )| + and high spin Co(NH 3 )! + . In the former complex the t 2 set 
is filled and e g is empty. The Co-N bond length is 1.94 A. In the latter complex 
the e g set contains two electrons. The Co — N bond length increases to 2.11 A. 
When there arc less than 1 8 electrons associated with the metal the / 2 set is par- 
tially filled. This signals a Jahn-Teller (Section 7.4) or some other geometrical 
distortion (for a low spin complex) which lowers the symmetry of the molecule. 
We will return to this problem in greater depth after substituent effects of the 
ligands are covered. 

What will become obvious in the next chapters is that the primary valence 
orbitals that we shall need are derived from t 2g , 2e g , and sometimes 2 a lg in Fig- 
ure 15.1. Therefore, our basis set of orbitals will never be larger than five or slx 
Those orbitals are concentrated on the metal and they fie at intermediate energies. 
They will be the HOMOs and LUMOs in any transition metal complex. When the 
octahedral symmetry is perturbed by removing a ligand or distorting the geometry 
the 2a ig and 2 t lu orbitals may be utilized. For example, metal s oi p may mix into 
the members of e g or t 2g . In other words, 2t iu and 2 a lg provide a mechanism for 
the hybridization of the valence orbitals. 


15.3. tt-EFFECTS IN AN OCTAHEDRON 

How does the picture in Figure 15.1 change when tt functions are added to the sur- 
rounding ligands? Let us start by replacing one of the generalized o donor ligands 
m ML 6 by a carbonyl group which yields an ML s CO complex. CO is isoelectronic 
to N 2 . A detailed discussion of the perturbations encountered on going from N 2 to 
CO was given in Section 6.3. We shall briefly review the results. The few molecular 
orbitals of CO that are needed for this analysis are shown in 15.15. The a orbital is 


c — o c o 



derived from 2 a g in N 2 . It is hybridized at carbon and will act as the a donor func- 
tion in a transition metal complex. Notice that the hybridization of electron den- 
sity at carbon makes the CO ligand bind to the metal at the carbon end. There are 
also two orthogonal rr and rr* levels. In N 2 they were n u and respectively. The 
l SCt . S intermix Wlth the Perturbation to CO so that the rr level becomes more 
heavily weighted at the electronegative oxygen atom. On the other hand, n* be- 
comes concentrated at carbon. As mentioned previously the a donor orbital of 

. . a r.^ ng Witl ' thS five 0 leVCls of lhe Ls 8 rou Ping produce a splitting pattern in 
ML s CO analogous to that in Figure 15.1. The two members of 2e g , for example, 





FIGURE 15.2. An interaction diagram for the n components in a ML s CO complex where L 
is an arbitrary o donor. 


will not be at precisely the same energy. That will depend on the relative a donor 
strength of CO compared to whatever L is; however, there will be a close corre- 
spondence. What does change is the t 2g levels as shown in Figure 15.2. Two mem- 
bers of t 2g , xz and yz (see the coordinate system at the top of this figure), have the 
correct symmetry to interact with n and n* of CO. They become an e set in the 
reduced symmetry of the complex. The third component, xy, is left nonbonding. 
What results from this interaction is a typical three-level pattern which is exactly 
the same as in the linear H 3 (Section 3.3) or allyl (Section 12.1) systems. At low 
energy, the orbital labeled le in Figure 15.2, is primarily n with some xz and yz 
mixed in a bonding fashion. One component of le is shown in 15.16. At high 
energy 3e is primarily CO n*, antibonding to xz and yz; 15.17 shows one com- 
ponent. The middle level, 2e, is slightly more complicated. It is represented by 
metal xz and yz perturbed by CO n and n*. Since tt* and rr lie at respectively 
higher and lower energy than metal t 2g , 2e contains CO tt* mixed in a bonding way 
to xz and yz while CO i j mixes in an antibonding fashion. This is expressed by 
15.18 for the component of 2e in the yz plane. The net result, 15.19, shows cancel- 
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yz. Figure 15.3 illustrates these differences in n bonding by means of interaction 
diagrams. Let us start with the D 2fl geometry. In-phase and out-of-phase combina- 
tions of the carbene p functions are taken on the left side of the figure. They arc 
of b lu and b 2g symmetry, respectively. They will be nearly degenerate in energy 
since the carbenes are far from each other. The b 2g combination has the same sym- 
metry and will overlap with metal * 2 . That metal orbital will then be stabilized 
greatly with respect to xy and yz, which are left nonbonding. Notice also that the 
in-phase combination, b lu , of carbene p orbitals is left nonbonding. In the D 2d 
geometry of 15.27 the carbene functions transform as an e set-see the right side of 
Figure 15.3. They will stabilize metal xz and yz. It is clear that the interaction in 
the b 2g combination of the D 2h geometry will be greater than that in e for the 
D 2d case. But will it be twice as large? In that case the energy difference between 
the two conformations will be zero. It turns out. and can be proven by perturbation 



FiGURE 15.3. Interaction diagrams for two possible conformations in a f/ww-(R 2 C) 2 ML 4 
complex. Only the jr interactions are illustrated. 
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theory arguments, 6 - 8 that if the energy difference between the carbene p and metal 
d levels is large, then the slabilization in b 2g is twice as large as that in the e set 
However, as the energy difference becomes smaller, b 2g is stabilized by less than 
wice as much as e. Therefore, the D 2d conformation becomes more stable than the 
, 2 " one. This result is a general one: if two good acceptors have a choice, they will 
choose to interact with orthogonal donor functions. A “real” case occurs in trans- 
bis-ethylene-M L 4 complexes. There arc two 18-elcctron complexes which have 
been shown 9 to have structure 15.28. There is also an isoclectronic dioxygen com- 
plex which has an equivalent geometry. 10 Exactly the same story occurs here. The 
ethylene ligand has a filled rr and empty n* orbital pointed at the metal. This is 
topologically equivalent to the situation in a carbene, as indicated in 15.29. In 



15.29 

15 28 the two acceptor n* functions backbond to orthogonal members of the 
metal t 2g set and, therefore, this geometry is more stable than one with the ethyl- 
enes oriented parallel to each other. The actual mechanism of rotation about the 
ethylene-metal bond in 15.28 is complicated by another electronic factor; 11 ' 12 it 
is easier to see what happens in the bis-carbene complex and so we will describe 

7;" '.To" 5 m tha ‘ situalion - Sorting from the D 2d geometry, 15.27, rotation 
ol both CR 2 units in the same direction will cause little change in the energy. This 
, 3 consequent of the fact that the xz and yz donor functions arc degenerate. At 
5 27 or the rotomer where both methylene groups are twisted by 90°, the two p 
orbitals interact with xz and yz. At intermediate geometries they will interact with 
incar combinations of xz and yz. Recall that any linear combination of a degener- 
ate set yields an equivalent set, so the two stabilized metal orbitals will stay at 
constant energy. From another point of reference one could say that the ML, 
group was freely rotating with the CR 2 units fixed in space, orthogonal to each 
other. This is a little bit of an oversimplification which depends on the size of the 
K groups and L. In 15.26 the carbenes eclipse the M— L bonds, so there may be a 
steric preference for rotation by 45° to a staggered geometry. 

There are many other systems where two acceptors interact with orthogonal 
donors. One way to view allene is by the union of two carbenes with a central 
carbon atom, 15.30. The four electrons in the central carbon will artificially be 
placed in the two p orbitals. The D 2d geometry then maximizes v bonding if the 
two carbene functions are orthogonal. In the di-ylid 15.31 the two carbene p 
orbitals are filled. Stabilization could then occur via the empty P— H antibonding 
e set (see Section 14.2). Again an orthogonal arrangement maximizes bonding this 
time from the filled methylene p orbitals to orthogonal members of the e P— H 
o' set (alternatively one could use d orbitals on phosphorus as the acceptor set). 
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An interesting situation arises with two electrons less in 15.31. The neutral phos- 
phorane is then a diradicaloid species. In the orthogonal structure of 15.31 the 
stabilized methylene p orbitals come as an e set-see the right side of Figure 15.3. 
The ground state is then a triplet. Rotation of one methylene group by 90° so that 
it lies m the plane of other stabilizes one methylene p combination; the other is 
eft nonbonding— see the left side of Figure 15.3. inhere is substantial P-H a* 
or d) involvement, then a sizable splitting would create a singlet ground state at 
r f °™ etry ' J hc r f, ader s,lould note that removing two electrons from the 

T 7 dUCe 3 Stable ,6 - clectron system. However, as shown 
in Figure 15.3 those two electrons would come from the xy orbital in the D-, , 

Zi— f ' SCt iS Pr ° bably Stabilized enoi, S h t0 g^e a ground-state singlet. 

S cometr y. x y and yz are degenerate so a triplet state is predicted, 
ns phenomena of acceptor orbitals maximizing their interaction to orthogonal 
donors need not be restricted to ir bonding. Arguments can be constructed for the 
orientation of o bonds, as well. Take F 2 0 2 as being divided into two F* atoms with 
cm ty hybrids pointed at Of. Now Of has four more electrons than N 2 (see Sec 
hZ i V ‘ ‘ S t0ta " y fi,,cd and >’ rovidcs a " orthogonal donor set to 

Zn he F-n n c n"! T*™ ° f *' ta ,hc °’' a « then stabilized 

nim t u ° ,°~ ' d,hedral angle is 90 °- Tllat is a " ,ore stabilizing arrange- 
n J ' Cn 1C d ! hcdral angle is 0 " r 180° (a cis or tram structure). In that 
n 5 m i f [7 “ StabiilZed - Likcwise - for ‘he transition metal complexes 

unctions n T S t r bC 3 betler ° donor tha " L - >5.33 the donor 

15 1 In ? 4 T ** n X “ y ’ that is ’ b0,h me,1,bcrs of ^ee Figure 

eeticallv he ’ ^ ^ J i 7 stablllzc them - " is ca sy to sec that 15.33 will ener- 
g ticaUy be preferred. For the reverse situation, when L' is a weaker o donor than 

L, the same preference is predicted. The stronger o donors interact only with the 
cau"tilr P °r in l5 - 34 - In 15 33 they intcratt with both. One should be 
ences L n ’7 7 1 T™”* t0 ° far in predictin S cis and energy differ- 

no ablv lf th , 7 mpIexes - StedC effects and other electronic factors (most 

tably of the rr type) can overrule the arguments that have been constructed here. 
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15.4. DISTORTIONS FROM AN OCTAHEDRAL GEOMETRY 

Before we leave octahedral complexes it is worthwhile to consider some of the 

away 

chapter most transition metal complexes are of the lS-etaron type and so“f, 
1 ot unusna! to find that this geometry is so pervasive in nature. Of course another 
y VieW th “ ls from a valence-shell- electron-repulsion model. 14 Consider the 

" L !t baSCS - The 0p “ Way t0 PO^ion six bases arou sph 
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J ( ; ’ ' , 2 { SC ‘ (iee Flgure l51 > will be partially filled. The complex will either 
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filled components of t 2g and raise the energy of the empty ones Low spin Ml 
° 5 7 r:, "V 1 **™ cou " ts of 14 -1 6 valence electrons* the leveh S pS 

fouid We r«11 m0St i CaSCS Where distortions from ™ octahedron will be 
I. We shall examine m this section two typical distortions.' 5 -' 8 The first is a 
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Likewise, the corresponding member of 2 t lu and 2e g will fall in energy since they 
are antibonding orbitals. For convenience wc have rotated our coordinate system 
for the octahedron by 45° to that in 15.35. The components of the important 
t 2g set will now be x 2 - .y 2 , xz, and yz. Let us concentrate on yz. At the octa- 
hedron it was orthogonal, of course, to the z component of 1 t lu and 2t, u . How- 
ever the symmetry of the molecule is reduced to C 2u with the distortion in 15.35 
Both ;<z and 15.39 are of b, symmetry so they will intermix along with the anti- 
bonding analog of 15.39. There are a number of ways within the framework of 
perturbation theory to see how they intermix; let us look at two briefly First of 
all, we start with the elements of these orbitals-^z, z, and the antisymmetric com- 
bination of the two lone pair orbitals, o a . They are drawn explicitly on the far left 
and right of 15.41. Again when the L-M-L angle is 180° «„ and z form bond- 





inland antibonding combinations; >-z is left nonbonding. However, when the 

In i a -n ? IS CSS than 180 the three orb 'tals intermix. The lowest molecular 
p npr ! f 1 ’ W ‘" be he fvily concentrated on o fl , the fragment orbital closest to it in 
gy. Some yz and z character will also mix into it in a bonding fashion, 15.42 
tz and yz are at higher energies than o u ), to produce 15.43. The actual magnitudes 
ol the mixing coefficients, A, and A 2 . will be set by the o fl - yz and o„ - z energy 
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gaps. But more importantly they will be sensitive to the L-M-T moln n 
metry X, is zero and A 2 is at a maximum at 180° When the I S / 
decreases, A 2 will decrease since the overlap between' o 1 ~ ang ' e 

nm.de of A, increases to a maximum value at ^nd thTn ,, mag ‘ 

again a reflection of overlap changes The hioh d , . S ° dccreascs - This >s 
the antibonding analog of 15.43 u k 1 1 § iest .™ lecular level - <h, in 15.41 is 
bonding fashion. 15.44. The middle level / ' ° a ^ yz mixcd in an anti ' 

any three orbital pattern, but the net result ts ’a ,17 ^ T° St COmplicated in 
tered in Section 3.3. It is primarily vz in l , l' ar ° nC that we ,lrst encoun- 
than o fl , o fl will mix into ? character. Since .yz lies at higher energy 

also enter into this orbital bondin "-h 6 ' antibondill 8 f'ashion. Some z will 

15.45. The reader ^ ,eSUk * givC " b * 

does indeed mix into <6, with i| 1P • , CICIse 111 Sec,ion 3 - 3 to see that z 

Note that the mixing of yz into a fz^T,™ ^ COnd -° rdcr Perturbation, 
that is, it will be stabilized. Conversely t he mixim^ b ° nding ’ 

antibonding. The middle level ri kJ,’ , ’ g yz 1,1 ° a ~ 2 makes 03 more 
ligands. As the L-M-L 1 OU,ward - awa V from the 

plane in 15.45 moves to tfcririST T™ * “ and lhe vertical nodal 

movement of the ligands see 15 46 It ?, mm* 0 ?!’ "’r . nodal plane follows the 
or destabilized as the L-M-i ' uw ], ls dlfflcuIt to tcl1 whether 0 2 is stabilized 

later. For now note a, lies quite close in ene“> vz^.T 15 Ta^'^ !° "' iS POin1 
on between them, the interaction will , gy . VZ 1 5-41. As overlap is turned 

the normal situation for transition met - 1 ^ t '°" 8 f" d ^ is destal >*lizcd . That is 
aware that this three orbital nr rt „ i .!• COmple * cs - But the reader shoidd be fully 
bending AH 2 (Section 7 3) and pvrairf m" P '° ,em 1S conce Ptually the same as 
two cases th’e Landing Lvd E < Secti °" 9.2B). In those 

energy upon bending. " ‘ ‘ IS an atomic p °rbital) went down in 
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FIGURE 15.4. A Walsh diagram for bending one tram L-M-L angle in a ML 6 complex. 

The alternative way to develop the orbitals starts with the molecular orbitals of 
octahedral ML 6 . On the left side of Figure 15.4 are shown the three orbitals of in- 
terest to us. Their intermixing can also be derived from perturbations of the initial 
molecular levels. As an exercise the reader should do this by recalling the AH 2 
bending (Section 7.3) and AH 3 pyramidalization (Section 9.2) examples. Let us work 
through 0 2 in some detail. As shown in 15.47 \t lu mixes into yz (since it is at lower 
energy) in an antibonding fashion. Recall that the nonvanishing matrix element that 
determineis the mixing sign will be derived from the overlap ofj-z with the lone pair 
lybrids in 15.47. Likewise, 2 t lu mixes into yz in-phase (15.48). The resultant 
orbital is 15.49. Here the mixing coefficients will be in the order X, > X 2 . In 15.47 
. orbital is concentrated on the lone-pair hybrids and 15.48 is more heavily 
weighted on metal z. Irrespective of this detail 0 2 becomes hybridized by the mix- 
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These cis and trans L — M — L angle distortions split the degeneracy of the t 2g 
set. In both cases one component is destabilized. Recall that rr acceptors or v 
donors will also create an energy difference between the members of t 2g . What 
happens to the v overlap as a function of angular changes can easily be estab- 
lished. 15 ’ 16 Normally, a 16-electron ML 6 molecule will utilize both it effects 
and angular changes together so that one member of t 2g lies appreciably higher in 
energy than the other two. Thus, while low spin 16-electron complexes are un- 
usual, their stability is understandable and there is a growing body of them in the 
literature. 1 S_1 7 
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CHAPTER SIXTEEN 


Square Planar, 
Tetrahedral ML4 
Complexes and 
Electron Counting 


16.1. INTRODUCTION 

This chapter is a continuation of the last in that the orbitals of our other molecular 
building block, a square planar ML 4 complex, are developed. This is a little more 
complicated than the octahedral case; however, we shall need to use the orbitals of 
both extensively in subsequent chapters. From the octahedral and square planar 
splitting patterns a generalized bonding model can be constructed for transition 
metal complexes. This, in turn, leads to the topic of electron counting. Finally, one 
distortion that takes a square planar molecule to a tetrahedron is discussed. 


16.2. THE SQUARE PLANAR ML 4 MOLECULE 

We shall again develop the molecular orbitals for a D 4h ML 4 complex in a general- 
ized way where the ligands, L, as before represent two-electron, a donors. Figure 
16.1 constructs the molecular orbitals for this system. On the left side of the figure 
are the metal s, p, and d levels. On the right side are presented the symmetry- 
adapted combinations of the four ligand lone pairs. These were developed in some 
depth for the D 4/l H 4 system (Section 5.4). Basically the h lg lone-pair combination 
is stabilized by metal x 2 - y 2 and e u by metal * and y (see the coordinate system at 
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ig 

FIGURE 16.1. Orbital interaction diagram for a square planar. 7) 4 /, ML 4 complex. 

the top center of Figure 16.1). The a lg combination overlaps with and is stabilized 
by metal z 2 and s. Here again is another three orbital pattern. The molecular level 
1 d\ g is mainly lone-pair a tg mixed in a bonding way with metal z 2 and s. There is a 
fully antibonding analog, labeled 3a, g , which consists primarily of metal s char- 
acter. The middle level, 2 a lg , is chiefly z 2 antibonding to the lone-pair a ig com- 
bination. Metal s is also mixed into 2 a lg in a bonding fashion to the lone pairs. The 
net result is sketched in 16.1. Metal x 2 - y 2 is destabilized by the h lg combination 
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yielding molecular 2 b lg and likewise metal x and y are destabilized by e u . What is 
left as nonbonding in Figure 16.1 is metal xy, b 2g \ metal xz and yz, e g \ and metal z, 
a 2u . While the resultant level splitting pattern looks complicated at first glance, it is 
quite simple to construct. Notice that there are four levels, b 2g + e g + 2 a ig , which 
are primarily metal in character and lie at moderate energy. We have called 2 a lg a 
nonbonding orbital because of the pattern in 16.1. The bonding of metal s to the 
lone pairs counterbalances the z 2 antibonding and keeps 2a lg at low energy. The 
reader should recall that the orbital is predominantly z 2 in character and, therefore, 
is often termed z 2 . Along with these four nonbonding levels are four M— L bonding 
ones, la lg + e u + 1/>, S . So there will be a total of eight molecular orbitals which lie 
at low to moderate energies and are well separated from the antibonding combina- 
tions. In other words, a stable complex will be one wherein these eight bonding and 
nonbonding levels are filled for a total of 16 electrons. This is a different pattern 
from that in the octahedral system where 18 electrons represented a stable species. 

It is instructive to see what is behind this 16-18 electron difference in the two 
types of complexes. First of all there are two less ligand-based orbitals for ML 4 
compared to ML 6 . Compare Figure 15.1 with Figure 16.1. One of the e g and one 
of the r Ul lone-pair contributions are lost in ML 4 . Secondly, when the two tram 
ligands in ML 6 arc removed, the z 2 component of 2e g is stabilized considerably, 
yielding 2 a, g . Pictorially this is shown in 16.2 and 16.3. So the ML 4 complex gains 


L 
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one metal nonbonding orbital over that in ML 6 and loses two M— L bonding 
orbitals. The net result is that there is one less valence level or two less electrons in 
the stable square planar complex Notice also in Figure 16.1 that there is one high 
lying orbital of a 2u symmetry which is also left nonbonding. This orbital, primarily 
metal z, is clearly too high in energy to be filled. In the octahedral ML 6 system it 
was one member of the 2 r,„ set. Our chief concern will be with the metal-based 
orbitals at moderate energy. As 16.2 and 16.3 indicate, there is a close correspond- 
ence between the splitting patterns in 0,, ML 6 and D 4/l ML 4 . Four orbitals are 
identical in the two systems. It is only thez 2 component of 2e g in ML 6 which be- 
comes 2a lg in ML 4 which is modified. The way in which rr acceptors or 7 r donors 
modify 16.3 can be followed in a way which is identical to that for ML 6 in Section 
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15.3. Therefore, we will not spend time on the issue. The correspondence suggests 
that there may be a general pattern for any ML,, complex. This, along with electron 
counting, is the topic of concern in the next section. 

16.3. ELECTRON COUNTING 

Most stable, diamagnetic transition metal complexes possess a total of 18 valence 
electrons. We covered some exceptions to this in Chapter 1 5 and the square planar 
ML 4 situation presents possibilities for another. But apart from these the over- 
whelming majority of compounds are of the 18 valence electron type. In other 
words, the number of nonbonding electrons at the metal plus the number of elec- 
trons in the M— L bonds which we have formally assigned to the ligands should 
total 18. Yet another way of putting this is that there are 18 electrons associated 
with the metal. The derivation of this rule can be constructed in a number of ways. 
A transition metal will have five nd (where n is the principal quantum number), 
three (n + 1 )p, and one ( n + l)s AO’s which form bonding combinations to the 
surrounding ligands or remain nonbonding. These nine AOs will then house 18 elec- 
trons. This is true for most geometries, but it can be seen that when all of the 
ligands lie in a plane containing the transition metal one p AO (perpendicular to 
this plane) cannot take part in a interactions. 

The 1 8-electron rule is therefore nothing but a restatement of the Lewis octet 
rule. The extra 10 electrons are associated with the five d orbitals. A more elaborate 
way to express this is shown in Figure 16.2. The orbitals of any ML„ complex can 
be developed in a way that is analogous to what we have done for ML 6 , ML 4 , and 
the AH„ series. Figure 16.2 does so for a generalized transition metal system. 
There are n ligand-based lone pairs illustrated at the lower right of this figure. 
Symmetry-adapted linear combinations of the n ligand orbitals will normally find 
matches with n of the nine metal-based AOs. This produces n M— L bonding and 
n M — L antibonding MOs. Left behind are 9 - n nonbonding orbitals which are 
localized at the metal. These 9 - n nonbonding levels will be primarily metal d in 
character since the metal AOs start out with the d set lower in energy than s and 
p. Furthermore, d AOs are more noded than the s- or p-type functions so that it 
is more likely for the ligand set to lie on or near the nodal plane of tf-based func- 
tions. (The glaring exception to this generalization occurs when the metal and 
ligands lie in a common plane.) There are, therefore, a total of n + (9 - rt) = 9 
valence levels at low to moderate energies which constitute bonding and nonbond- 
ing interactions and 18 electrons can be housed in them. 

The square planar system was different (Figure 16.1) in that one p orbital at the 
metal, 16.4, tound no symmetry match. There are four metal orbitals primarily of 
d character at moderate energies, and 16.4, which lies at an appreciably higher 
energy. It is unreasonable to expect that two electrons should be placed in 16.4 
and therefore, stable square planar ML 4 complexes have 16 valence electrons. A 
trigonal ML 3 complex will also have one empty metal p orbital, 16.5, and a 
stable complex will thus be of the 16-electron type. Linear ML 2 compounds have 
two nonbonding p AOs, 16.6, so here a 14-electron complex will be stable. 
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FIGURE 16.2. A generalized orbital interaction diagram for a ML,, complex where the ligands 
arc arranged in a spherical manner around the transition metal. 



16.4 16.5 16.6 


This sort of generalized interaction diagram in Figure 16.2 can be extended to 
mam group compounds where the d orbitals on the central atom have been ne- 
glected. The 6-electron, trigonal BR 3 and other electron deficient compounds are 
then related in an obvious way to 16-electron square planar ML 4 and trigonal ML 3 
complexes. In the hypcrvalent AH 6 and AH„ molecules (Section 14.1) there are 
two and one “ligand" combinations, respectively, which do not match in sym- 
metry the central atom’s s and p set. For example, the electron count at the central 
atom in SH 6 is still 8, although the total number of electrons is 12 (there are, how- 
ever, violations of this rule, see discussion in Chapter 14). This can also happen, 
albeit with much less frequency, for transition metal complexes.' One example that 
will be discussed shortly is tris(acetylene)W(CO) which appears to be a 20-electron 
complex. However, here one occupied acetylene n combination does not find a 
symmetry match with the metal AOs and so the compound is in reality an 18- 
electron system. 

This brings up the mechanics of electron counting. The convention that we shall 
use ,s to treat all hgands as Ixwis bases. Listed in 16.7 are some typical two-electron 
o donor groups. In 16.8 are Usted some two-electron o donors which also have one 
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NR 3 , PR 3 , CH 3 , SIR 3 , H" 16.7 

CO , CNR , S0 2 , CR 2 , N0 + , CR + | 6 .8 

NR 2 , Cl" , 0R“ , SR 2 16.9 

or two 7r acceptor functions. We covered the CO and CR 2 cases explicitly in Section 
15.2. For the purposes of electron counting, it does not matter what the strength 
of n bonding really is between the metal and ligand. The ligands are counted only 
in so far as their a donating numbers. The ligands in 16.9 are two-electron a donors 
with 7r donor functions. The ways that electrons are assigned to the ligands in 16.7- 
16.9 are only conventions. One could just as well have had alkyl groups and hy- 
drides as one- electron, neutral ligands. Exactly the same electron count at the metal 
will be obtained. What changes is the oxidation state at the metal-the number of 
electrons that are formally assigned to the metal. The nitrosyl (NO) group is a par- 
ticularly difficult case. Counting it as a cationic system stresses the analogy to the 
isoelcctronic CO group. The M— NO coordination mode is then expected to be 
linear. Indeed there are many examples of this type, but there arc also compounds 
where the M— N— 0 angle is appreciably less than 180°. A detailed discussion of 
this distortion is reserved for Section 17.5. The point is that with a bent geometry 
the nitrosyl can be considered as an anionic four-electron donor. The “extra” two 
electrons are housed in an NO-based rr* orbital (which causes the nitrosyl group to 
bend; recall the ammonia inversion problem in Section 9.2) and only partial it back 
donation occurs to an empty metal orbital. 

Polyenes are also considered as Lewis bases. They are counted such that all v 
bonding and nonbonding levels are occupied. Some representative examples are 
given in 16.10. Listed below each structure are the number of electrons donated to 

0 ® ^ 4^ ii 16 ,0 

6 6 6 4 4 2 2 electrons 

the metal. Some care, however, must be used to establish the connectivity of these 
po yenes to the metal. The benzene ligand will donate its six n electrons to the 
metal only if all six carbon atoms arc bonded to the metal atom. A short-hand nota- 
tion to denote this is the hapto number. 2 In this example it would be called an r f 
complex. Bis(benzene)chromium, 16.11, contains two if benzene ligands; all 
Cr C distances are equivalent. 3 In the permethyl derivative of 16.12 4 one arene 
nng is 7?’ and the other rf . In other words two Ru-C distances are much longer 
than that found for the other ten. The hexakis(trifluoromethyl) derivative 5 of 
16.13 contains an tj 2 benzene ligand. In the rf case a total of four w electrons and 
in the t? example two tt electrons are donated to the metal. Likewise the cyclo- 
pen tadienyl ligand will donate six it electrons if it is t? 5 as in 16.14, 6 four electrons 
at an 7 r geometry, 16.15, 7 or two electrons at t? 1 , 16.16. 8 Thus, the connectivity 
ot the polyene to the metal must be carefully established. Alternatively, one can 
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16.16 


assign an 18- or 1 6-electron count at the metal and this sets the coordination mode 
of the polyene. The portion of the polyene which is not bonded to the metal bends 
out of the plane defined by the coordinated carbons in a direction away from the 
metal. 7 This stereochemical feature has been highlighted in the drawings of 16.1 1- 
16.16 along with the actual slippage of the metal over the coordinated portion of 
the polyene. Thus a fairly detailed geometrical prediction can be made for polyene- 
metal complexes on the basis of electron counting. 

The number of d electrons (the electrons housed in the 9 - n nonbonding levels 
of Figure 16.2) assigned to the metal is determined by adding the number of 
charges at the ligands and subtracting this sum from the total charge on the mole- 
cule. This gives the formal charge or oxidation state at the metal. Finally, the num- 
ber of d electrons is then equal to the number of d electrons of the metal in the 
zero oxidation state minus the oxidation state (formal charge) assigned to the 
metal. 16.17 lists the number of d electrons for the transition metals in their zero 
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16.17 

oxidation state. Notice that this is not the atomic electron configuration. In other 
words, Ti(0) is r/ 4 rather than the atomic configuration 3d 2 4s 2 . The total number 
of electrons associated with the metal, that is, the number of electrons in the n ML 
bonding and 9 - n nonbonding orbitals (see Figure 16.2), is equal to the number of 
d electrons plus the number of electrons that have been donated in a a fashion by 
the ligand set. 

A few simple examples will make this electron counting rule clearer. In Cr(CO) 6 
the CO groups donate two o electrons each for a total of 12 electrons. The charge 
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on the molecule and each CO is zero so Cr is in the zero oxidation state, that is, 
it is a d 6 complex— see 16 . 17 . The total number of electrons associated with Cr is 
6 + 12 = 18. In CH 3 Mn(CO) s the methyl ligand is taken to be an anionic, 2-electron 
donor (see 16 . 7 ). Together with the five CO groups this makes for a total of 12 
electrons from the ligand set which are donated to the metal. The molecule is 
neutral and there is one anionic ligand, therefore, the metal is Mn(+1) which is 
d 6 (note in 16.17 that Mn(0) is d 7 ). Again there is a total of 6 + 12 = 18 electrons 
associated with the metal. The compounds given by 16.18 and 16.19 arc also 18- 
electron systems. In ferrocene, 16 . 18 , the cyclopentadienyl (Cp) ligands are rj 5 and 
counted as a six-rr-electron Cp" (see 16.10). The metal is then d 6 - Fc(+2). Finding 
the oxidation state for Mn in 16.19 is a little more complicated. There is an tj'-C p", 
NO*, and CH.i ligand. The molecule is neutral, therefore, the oxidation state is 
Mn(+1) which is d b . In 16.20 there are three Cl" and one neutral ethylene ligands, 


Fe 






Cl 


16.18 16.19 16.20 


yielding a total of 8 electrons donated to the metal. The charge on the molecule is 
-1 so the oxidation state at Pt is given by-1 - (- 3 )= +2. Pt(+2)is</ 8 (see 16 . 17 ), 
therefore, it is an 8 + 8 = 16 electron complex. Notice that the geometry around 
16.20 is, as expected from the previous section, square planar. 16.13 is an example 
of a 16-electron trigonal complex. The compounds provided by 16 . 11 , 16 . 12 , and 
16 . 14 - 16.16 all have 18 electrons. The reader should work through these ex- 
amples. Special attention should be given to 16 . 12 . One benzene ring is rj 4 -a 
tour-rr-electron donor and the other is p 6 — a six-electron donor. But suppose each 
benzene was r? 6 . Then the molecule would be a 20-electron complex. The extra 
two electrons would enter a M — L antibonding orbital in the generalized scheme 
of Figure 16.2 (in this case a Ru (/-benzene n antibonding orbital). Clearly this is 
expected to be an energetically unfavorable situation. This is not quite true for this 
special case and we shall return to the bonding in metallocenes in Section 20.3. 

A practical consideration that must be kept in mind when counting electrons is 
that the ligand donor orbitals must find a metal function with which to overlap. 
There are a tew “high symmetry” situations where this is not followed. Tris(acety- 
lcne)-W(CO), 16 . 21 , is one example. 11 ' The acetylene ligand carries two orthogonal 
71 orbitals. Let us consider that one n orbital at each acetylene is pointed directly at 
the tungsten atom. This will create an a, + e set of “radial” it orbitals. The three 
orthogonal rr orbitals are of a 2 + e symmetry-a tangential set (see the Walsh model 
for cyclopropane in Section 11.2). The a t and two e set of tt donor orbitals find 
overlap with tungsten s, p, and d AOs; however, no function on tungsten matches 
thca 2 combination 16.22 (an /AO would overlap with 16 . 22 ). Therefore, the three 
acetylenes donate a total of 10 electrons, making 16.21 an 18- electron complex. 
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Transition metal complexes that have metal-metal bonds pose special problems 
in electron counting. A couple of examples will suffice to show the general prin- 
ciples. For Mn 2 (CO)i 0 , 16 . 23 , each Mn is formally d n . There are 10 electrons 
donated by the five CO ligands which would give a 17-elcctron count at each metal. 
However, one electron from each Mn is shared with the other. In other words, there 
is a two-ccnter-two- electron, o bond formed between the two metal atoms, 16 . 24 . 
Obviously the two electrons arc shared equally so each metal attains an 18-elcctron 
configuration. In a formal way each Mn contributes one electron to the Mn — Mn a 
bond which leaves six nonbonding electrons just as in any other 18-electron ML 6 
complex. The octahedral environment for each Mn is clear from the drawing in 
16.23 and one might expect a splitting pattern very similar to that presented for 
ML 6 in Figure 15.1. This is a point which we shall return to in the next chapter. 
Each Rh atom in 16.25 is formally d 8 . Discounting the Rh— Rh bonding, there are 
a total of 16 electrons associated with each metal. Sharing two electrons from the 
neighboring metal will bring each Rh atom up to an 18-electron count. A Rh— Rh 
double bond is then postulated for this molecule. 





16.23 16.24 16.25 

Bridging groups in transition metal dimers and clusters are often times a source 
of confusion and controversy. The problem stems from an ambiguity of how to 
partition the electrons between the metals and bridging groups. One example is 
presented in 16 . 26 . Counting the bridging carbonyl as a neutral, two-electron 
donor, 16 . 27 , just as we have done for terminal carbonyls implies that each iron 
is Fe(+1)-J 7 . There will be a total of 10 electrons supplied by the ligands so the 
total electron count is 17 and the formation of a single Fe — Fe bond is required to 
attain an 18-electron configuration. This way of counting the bridging carbonyls 
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implies that they are three-center-two-electron bonds. An alternative and certainly 
reasonable way to handle the bridging carbonyls is to insist that they are “ketonic ” 
That is, they make two-center-two-electron bonds to each iron. This implies the 
di anionic formulation, 16.28, and each iron is then Fe(+3)-r/ 5 . The ligand set now 
donates 12 electrons so there is an electron count of 17 at each iron and again an 
18-electron system will be created with an Fc-Fc single bond. Both methods of 
electron counting lead to the same conclusion, namely an 18-electron configuration 
is attained by the formation of a metal-metal bond. This is certainly an over- 
simplification. There are actually a number of occupied metal-metal bonding and 
antibonding orbitals in 1 6.26. The number of occupied bonding levels will exceed the 
number of occupied antibonding levels by one; however, it is not at all true that 
each metal-metal orbital carries the same weight toward the total iron-iron overlap 
population. The bridging carbonyls significantly perturb the electronic environ- 
ment of the metal-centered orbitals. 10 The situation here is exactly analogous to 
the one discussed for diborane in Section 10.2B. 

The on'y difference that is created in the two ways of counting electrons for 
16.26 is that different oxidation states for Iron are obtained and, of course the 
number of d electrons formally assigned to the metal changes. That is just a for- 
malism. There is really no right or wrong way to partition the electrons associated 
with the metal One hopes that the methods used to assign electrons for the ligands 
in these complexes will lead to an oxidation state (charge) at the metal that ap- 
proaches reality. But this is probably an unreasonable expectation. Treating each 
ligand in 16.7-16.10 as a Lewis base does offer a practical advantage. What we arc 
really saying is that the o donor orbitals of the ligands lie at lower energy than the 
metal d levcls-scc Figure 16.2. This is normally the case. Furthermore, the number 
ot d electrons assigned will then correspond to those contained with the 9 - n 
nonbonding levels of Figure 16.2. For example, in Cr(CO) 6 there arc three “non- 
bond, ng levels— the t 2g set of Figure 15.1. Cr(CO) 6 is counted as being d b so 
those six electrons are housed in tig . A ML 6 complex will possess four electrons 
m t 2g , and so on. 

IN% 4 ERC T O H NV S E Q RM0N PLANAR - TETRA «DRAL ML 4 

In the first section of this chapter we built up the orbitals of a square planar ML 4 
complex. An alternative geometry would be a tetrahedral species. There are two 
asic ways to convert a square planar complex into a tetrahedral one. The 16.29 
. “^conversion involves twisting one pair of cis ligands about an axis 
“Joo C0nserve ° 2 s y mme,r y aIo "8 all points that intercon- 

j , 29 W " 1 16 ' 30 - In the other path the two tram L—M—L angles are 

.n„ w aSe ’ 3S shown in ,6 - 31 - ultimately yielding the tetrahedron 16.32. This 

SvCr 5 , 2d c Symmetry - The elemenls of this latter Pathway have actually been 
pec in Section 15.4, so we shall briefly explore this distortion. A Walsh 
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16.29 C , 6.30 

°2 ^ \ 

1651 TT X 1652 

diagram for a model ML 4 is presented in Figure 16.3. On the left side are the 
metal centered, valence orbitals of a square planar ML 4 system which have been 
taken from Figure 16.1 The 2A„ level (a 2 -y 2 ) is stabilized greatly since this 
orbital is strongly M L antibonding and overlap between the ligand lone pairs 
and a - y is reduced upon reduction of the two tram L-M-L angles The e 
f 15 destabl,lzed «wl meets a 2 - y 2 at the tetrahedral geometry to form 

a./ 2 “*■ The mttonale for the destabilization is identical to that developed for the 
distortion in 15.35 see Section 15.4). The ligands move into a position where 
overlap to az and yz is turned on. The ligand lone pairs mix with e. in an antibond, 
ing manner thus, az and yz arc destabilized. This is abated somewhat by mixing in 
some metal a and y character. The result is that the metal-centered functions be- 
come hybridized away from the ligands. The 2a„ level at the square planar gcom- 
ry is mainly z with some antibonding from the lone pairs (see 16.1). This distor- 



symmetry 16 ' 3 ' DiSl ° rti ° n ° f 3 Squarc ' ,lanar t0 tetrahedral ML 4 complex maintaining D 2d 
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tion moves the Ligands into the nodal planes of z 2 . Therefore, 2a lg is stabilized; it 
becomes one partner of an e set, along with xy which is unperturbed along the 
rearrangement path. 

Before we discuss the actual dynamics of the square planar to tetrahedral inter- 
conversion, it is instructive to compare the two endpoint geometries. In the square 
planar system the very high lying 2 b tg level makes it obvious that a singlet d 8 com- 
plex (where 2 a lg is the HOMO) will be a stable species. At the tetrahedral side a d 8 
system will have four electrons in t 2 . Consequently, a high spin (triplet) situation is 
required for a stable species. Notice on the right side of Figure 16.3 that the three 
members of t 2 have M— L antibonding character. At the square planar geometry 
only 2 a lg is slightly antibonding. As a result we expect weaker (and therefore 
longer) M— L distances for high spin d 8 compounds compared to their low spin, 
square planar counterparts. This is often found to be true. Table 16.1 lists some 
examples. With two electrons more it is clear from the relative energies of 2b 1<e 
vs. t 2 in Figure 16.3 that the tetrahedral form will be much more stable. Notice 
that this is a saturated 18-electron d 10 ML 4 complex. In the tetrahedral geometry 
the ligands are arranged in a spherical manner around the transition metal. The gen- 
eralized orbital pattern in Figure 16.2 is appropriate. 

A number of d s square planar complexes undergo a cis-trans isomerization 
process, 16.33 to 16.34." Of interest to us in this section is to probe the direct 
pathway via the tetrahedral structure 16.35; however, there are at least two alterna- 
tive paths which we will come back to in the next two chapters. One ligand may 
dissociate yielding a cis T-shaped intermediate 16.36. It can rearrange to a nans 
T-shaped structure and interception by ligand B gives 16.34. Another path involves 
association of an external ligand, L, which yields the five-coordinate intermediate 
16.37. Rearrangement of 16.37 followed by expulsion of L gives 16.34. So the 
dynamics ol the cis-trans interconversion are complicated by several competing 
pathways. Returning to the direct route for interconversion a schematic illustration 
for a thermal process is given in 16.38 for a d 8 complex. The correlation of orbitals 
has been taken front Figure 16.3. Although the symmetry of the two square planar 
and tetrahedral complexes is lower than D 4 „ and T d , respectively, the essential 
details of the splitting patterns will remain very close to the idealized cases. The 
important feature in 16.38 is that the cis to nans interconversion via a tetrahedron 
should be very high energy process. It is symmetry forbidden under thermal 
conditions. 2 There is not much difference in a qualitative sense between this 
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TABLE 16.1. Mean Nick el-Ligand Distances (A) 0 

Square Planar Tetrahec 

Ni— N (sp 2 ) 1 .68 j 96 

2.14 2.28 

N.~ s 2.15 2.28 

Nl ~ Br 2.30 2.36 


“'Taken from K. W. Muir , Molecular Structure by Diffraction Meth- 
ods, Vol. 1, the Chemical Society, London (1973), p. 580. 



16.38 


nfefin. . 1 77 V ,7 loecuon j. v or tne dnnenzation of two 

reached ( fn the t 7 03365 3 critical P oint ’ a energy cusp, is 

reached on the potential energy surface. A path of lower or at least different 

symmetry will be followed. In this case dissociative or associative paths represent 

sner> al * ernatlves ‘ H ™ evcr ’ the isomerization can proceed via an excited state 

TJZ e r P,e ’ Pl r° ChemiCa ' eXCitation of the cis compound populates the 

a tlfnlet t tI K tatC Sm8let C ° mpleX C3n under S° intersystem crossing to 

a tnplet state. This may then relax to a tetrahedral geometry which decays back to 

, iv e e ,: q r P ,a “ r s^let with either c/s or nans geometry. Alterna- 

Tlii k sh f re3rr T gement pr0CCSS may take P ]ace within singlet spin state. 
* 15 shown for an arbitrary spin state in 16.39. The one-electron picture in 16 39 

is a very crude representation of the photochemical processes. State correlation 
Z™ r f C ° nStrUCted which more clearly show the relative energies of 
thermo th aS 3 T tl0n 0f the eIectr °nic and geometrical configurations. Fur- 
nnn^nl T f ° f ^ Spin ‘ State chan § e hav c been neglected here. 12 In 
I 0 ? ’ the f S,ngIe t- tn P Ie t interconversion can occur thermally 12 and this ac- 

complexes ^ mechanism of the cis- nans equilibrium for square-planar 

JIT* ITT?* iS0meriza,i0n P r °cess can take place between square pla- 
nar and octahedral systems in coordination compounds. 16.40 shows how the 

lx - y separation changes as two trans ligands are brought closer to the square 
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I 


s 

orfthe 'right stl! ofT^O^hf ■ ^ * *** ^ rf ' SpedeS is «*»d. as indicated 
which w 12 ^ dtscustd in hVr ° t f C0urse ' j USt the -crse process, 16.2 to 16.3, 

NiCethyienedilteFofi" ) ithe' T °* ^ The Lifschitz salts ’ 

donor solvent molecules H nZ , paramagnetlc and octahedral with two 

" £5 tTuoMoV ; crystaUization condiiions The ~ 

«on positions of the £ u ^ P °‘ ntS t0Ward thc fifth a "d sixth coordina- 

z 2 is greatly destabilized bv 7' S ° IVen ' m ° lecuIes are brou 8 ht closer to Ni, 
should recall thn, ' the ^y m metr.c combination of donor lone pairs. One 

stabilize^Furthermore ITT ° f S ° ,Vent lone P airs is » turn. 

Therefore there - ’ ??• dntlsymmetnc combination will be stabilized by metal 
therefore, there ts a dehcate balance between the two molecular extremes of 
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16.40, especially since it involves a spin-state change and two-electron energy terms 
as well. 
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CHAPTER SEVENTEEN 


Five Coordination 


17.1. INTRODUCTION 

Throughout this book we have stressed one technique for understanding the molec- 
ular orbitals of complicated molecules, namely their construction from the valence 
orbitals of smaller subunits. In the organometallic area this is particularly useful 
since the molecules consist of an ML,, unit bonded to some organic ligand. For this 
purpose we shall need to build up a library of valence orbitals for common ML,, 
fragments, where n- 2 - 5 and L is a generalized two-electron a donor ligand We 
could do this by interacting an ensemble of L„ functions with a transition metal 
just as was carried through for the octahedron (Section 15.1) and square plane 
(Section 16.1) cases. However, an easier method 1 ' 3 starts with the valence, metal- 
centered orbitals of the octahedron and square plane. One or more ligands are then 
removed. This is illustrated in Chart 17.1. The valence orbitals of a C 4 „ ML S frag- 
ment ,17.2, can easily be derived by taking those of MI*, 17.1 , and considering the 
perturbation induced by removing one ligand. A C 2v ML 4 species, 17.3, is derived 
y Roving two cis ligands from ML 6 and removal of three fac ligands will yield 
ic 3„ ML 3 fragment, 17.4. We shall be primarily concerned with the perturba- 
on 17.1 to 17.2 in this chapter. Now those fragments, 17.1-17.3, can be distorted 
to give fragments of other types. For example, the C 2ll ML 4 fragment can easily be 
soi ted to a C 4 „ structure, 17.5, or a tetrahedron. Likewise, we will find it useful 
to generate the levels of 17.6 from those of the square pyramid. 

Once the orbitals of a trigonal bipyramid have been derived, they can be used in 
turn to establish the orbitals of a C 3u ML 4 fragment like 17.7 which may then be 
r '. S ° r ® 10 ^ tetrahedron, and so on. Thus, the reductive approach illustrated in 
1L1 offers many ways to interrelate the orbitals of different systems. The 
ragments are interesting molecules in their own right and we shall spend some time 
wi 11 tlle]r structure and dynamics. Our other starting point is the square plane, 17.8. 
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CHART 17.1 







17.7 



17.9 17.10 

Removal of one ligand gives a C 2v ML 3 fragment, 1 7.9. We shall see in Section 1 8.1 
that the orbital structure of 17.9 is very similar to that of the C 4 „ ML S fragment, 
17.2. Removing two as ligands from 17.8 gives 17.10, with orbitals similar to those 
ot 17.3. This correspondence between different ML,, fragments is an important 
way to simplify and unify organometallic chemistry, and forms a common thread 
running tlirough the next three chapters. 

17.2. THE C 4 „ ML 5 FRAGMENT 

On the left of Figure 17.1 are listed the metal-centered d block of orbitals for 
octahedral ML 6 . From Section 15.1 (see Figure 15.1) we established that there 
is a lower group of three levels, xz, yz, and xy , using the coordinate system at the 
top of Figure 17.1, which have t 2g symmetry. These are filled for a saturated (18- 
electron) d complex. At much higher energy is (he 2e g set. It will be empty in most 
organometallic examples and consists of* 2 - y 2 and z 2 antibonding to the ligand 
lone pairs. When one ligand is removed from the octahedron, 1 to a first approxima- 
tion the t 2g set is left unaltered. The resultant levels are labeled as e + b 2 in the C 4 
point group of the fragment. No hybridization or energy change is introduced be" 
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I „L L 

L M- L L-M'-L 



FIGURE 17.1. Orbital correlation diagram for the octahedral to square pyramidal conversion. 
Only the d orbital part of the diagram is shown. Note th» rehybridization of Z 2 toward the 
empty coordination site. 

causejhe lone pair of the missing ligand is orthogonal to t 2g . The same is true for 
the x - y component of 2 e g . Suppose that the ligand removed from Cr(CO) 6 was 
CO— a 7r acceptor. 4 Then (he xz and yz components of t 2g would rise slightly in 
energy and xy is left untouched. Consequently, a relatively small energy gap will be 
introduced between e and b 2 . The major perturbation occurs with thez 2 compon- 
ent of 2e g . That orbital, labeled a x , will be greatly stabilized. Removing the ligand 
loses one strong antibonding interaction between metal z 2 and the ligand. The a, 
level also becomes hybridized by mixing some s and z character in a way which re- 
duces the antibonding between the metal and surrounding ligands. The origin of 
(his hybridization in a, is not much different from that in the variation of cis and 
trans L-M-L angles in ML„ (Section 15.3). We shall outline one way to view the 
resultant hybridization. The O h ML 6 to C 4v ML S conversion invloves a reduction 
of symmetry. The 2 a lg orbital (see Figure I5.J) and the z component of 2 lie 
c ose in energy to 2e g . Both orbitals also have a, symmetry. Consequently, they 
mix into the z 2 component of 2e g , 17.11 (in first order), in a way that reduces the 
antibonding between the metal and its surrounding ligands. Recall that 2 a lg and 
lie at higher energy than 2e g , thus they mix into 17.11 in a bonding manner, 
ilns is diagrammed by 17.12. Notice that it is the phase relationship shown for 
t ie metal s and z in 17.12 to the ligand lone pairs in 17.11 that sets the mixing 
sign. 2 a lg and 2 t Ul are, after all, concentrated at the metal. Therefore, the largest 
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17.11 17.12 17.13 


interorbital overlap will occur between the atomic components of 17.12 at the 
metal and the lone pairs in 17.11. The resultant orbital, 17.13, is stabilized further 
by this mixing process and it becomes hybridized out away from the remaining 
ligands, toward the missing one. The n, orbital is empty for a d 6 fragment. It ob- 
viously will play a crucial role when real molecules are constructed from the ML S 
fragment. Its directionality and the fact that it lies at moderate energy makes it a 
superlative o-accepting orbital. Below lie a nest of three “t 2g like” orbitals which 
are utilized for rr bonding. Before we use the ML S as a building block for larger 
molecules, it is instructive to examine it as a molecule in its own right. 

17.3. FIVE COORDINATION 

Wc have looked at the orbital properties of the main group ML S molecules in Chapter 
11. Two basic structures are known, the square pyramid (17.14) and the trigonal 
bipyramid (17.15). A whole spectrum of geometries between the two extremes are 
also found in practice. The interconversion of the two geometries can occur in a 
simple way via the Berry pscudorotation process (17.16), a geometrical change with 
an obvious resemblance to the variation of the apical/basal angle, 0 (17.14) of the 
square pyramid shown in 17.17. 
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e 

F'GURE n.2 Orbital correlation diagram for the metal d orbitals on bending a square py- 
ramidal along the coordinate of 17.17. b h py 


The energy levels of the square pyramid 5 with 9 = 90° have been derived in the 
lirst section of this chapter. First, we will see how they change in energy as the 
angle 0 vanes. As 6 increases from 90° the o overlap of the basal ligands with z J 
and * - y decreases (Figure 17.2), they becomes less antibonding and drop in 
energy. Concurrently a interaction with the xx.yz pair of orbitals is turned on and 
they arc pushed to higher energy. Such a geometry change also changes the shape 
ot these metal c/-based orbitals since they become hybridized with the (,, + \)p 
metal orbitals. In an exaggerated way this is shown in 17.18. We have seen this d-p 

17.18 

mixing previously in Section 15.4 for a related angular geometry change. The result- 
ing hybridization out away from the ligands is entirely analogous to this previous 
case. 

thp Sm T T t °!' bital energies of the ML * sc l uare Pyramid change significantly with 
me angle 9, the details of the geometry of such species will depend upon the number 
or a electrons and how the orbitals are occupied. Low spin d 6 species are expected 
3Ve . a . at pyramid (0 ~~ 90 ) since xz and yz (filled fora d 6 system) rise in en- 
gy as 9 increases but low spin d 8 species where z 2 is occupied are more distorted 
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Funrtinn nf Fi , ■ B ° nd An S les in Square Pyramidal Units as a 

Function of Electronic Configuration 


Electronic 

Configuration 

d™ 

lis d 5 b 


Compound 

Cu 1 macro • CO" 

Ni(5-CIsalenNEt 2 ) 2 

(Ni(dmp)CI 2 1 2 • 2CHCI 3 

Ni(bddae) (NCS) 2 

(Ni(tpen)l (C10 4 ) 2 • MeNO a 

Ni(bda)Br 2 

Ni(DSP)I 2 

Ni(CN)j" 

Co(CNC 6 H 5 )l + 

Co(CN)|‘ 

Deoxyhemoglobin (Fell) 
Oxyhemoglobin (Fell) 
Chlorohemin (Felll) 
Cyanomethemoglobin (Fell!) 


“Macro = difluoroO^irimethylenedinitrito) bis(2-butanone oxamate). 
bs and Is refer to high spin and low spin arrangements, respectively. 


Apical-M-Basal 
Angle (degrees) 

117 

100.4 
100.9 

99.9 

98.8 

93.9 

92.4 
101.0 
101.8 

97.6 

110 

~90 

93 

90-92 


(0 > 90 ). This is a trend found in general for the examples of Table 17 1 The iron 
Tfour suchTe Unit ’ V- 19 ,iCS in a Site 0f Squarc W™™ coordinafiol tZ 

sa: c h rr m,s ’^ n r cted 10 pep,ide ci,ains ’ in hem °^- 6 

surate with the high spin d 6 electronic configuration, 9 is larger than 90° On co 
ordination of O the iron atom becomes six coordinate and L Z stL'oZZ 
to low spin. Both of these fetors lead to a , of ebon, 90" in OhybLoglobtaThS 



17.19 
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the stereochemical change on oxygenation leads to a considerable movement of the 
iron atom shown in 17.20 and, of course, the imidazole ring attached to it in the 
apical position of the square pyramid. Connected to the imidazole ring is the or- 
ganic peptide part ol the molecule. The deformations induced in this framework by 
the movement shown in 17.20 have been suggested to be important for the trigger- 
ing of the important cooperative peptide reorganization process upon oxygen bind- 
ing of one heme unit. Such movement exposes the other heme groups so that attack 
by further 0 2 molecules is facilitated. 



Just as the electronic configuration is very important in determining the geometry 
along the deformation coordinate 17.17, so too is it important in influencing the 
relative stabilities of the square pyramid and trigonal bipyramid along the related 
coordinate 17.16. A minor complication arises in that the obvious axis choice in 
the two molecules is different (17.14. 17.15) so that the z 2 orbital of the trigonal 
bipyramid becomes the x 2 - y 2 orbital of the square pyramid. The molecule of 
course, does not know about x,y, z axes; these labels arc there to identify orbitals. 
Figure 17.3 shows the orbital correlation diagram which relates the orbitals for the 
two geometries. On the far right the orbitals of a square pyramid are listed for a 
geometry with 0 > 90°. The basic motion that is followed in Figure 17.3 takes the 
square pyramid (17.21) to a trigonal bipyramid (17.22), by decreasing one irons 



17.21 17.22 


L M L angle in the xz plane and increasing the other in the yz plane. The xy 
evel for the square pyramid is unchanged along this pathway. It becomes one 
member of the e set at the trigonal bipyramidal geometry. The other member of 
e is derived from yz. As the one irons L-M-L angle is increased, the ligands move 
into the node of yz, causing this orbital to be stabilized. (This also results in the 
loss ot hybridization with metal y.) The xz orbital of the square pyramid is destabil- 
ized. As the tram L— M— L angle in the xz plane is decreased the lone pair on the 
ligand increases its antibonding interaction with xz. This is reduced somewhat by 
increased mixing of metal x character. Ultimately at the trigonal bipyramidal geom- 
c ry this orbital lies at moderate energy and is substantially hybridized out away 
rom t le igands in what now is the xy plane. What happens to the two highest 
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py ram klal and' tricorn!! ,he me,al d orbi,als whi <* connect square 

‘jT 7 intermiXinB ^ ^ n ° ling tha ” ^Ztryof 

antly x 2 - y 2 7 '^T' blpyramidal s,ruct ure it is predomin- 

become an x 2 ' z 2 0r h 1 n H " would 

pyramidal side nSes^me z 2 T^f a ^ ** ' ^ ° rbi,al at the 

geometry it is primarily z 2 antibondiniMo'the * tSelf ' A | tr,8onal bipyramidal 
metal , character in this orbital wlSch^ bgands ' There * »me 

ligands in the zy plane. d antibonding interactions with the 
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The level structure for the valence levels of the trigonal bipyramid is worth 
studying with some care. At low energy there is an e" orbital, a pure metal d com- 
bination which is orthogonal to the ligand lone pairs. At intermediate energy are 
two hybridized metal functions of e symmetry. At higher energy a,' is fully metal- 
ligand antibonding. What has been left off this diagram are the five metal-ligand 
bonding orbitals (17.23). Except for 2a[ (and the z 2 orbital in Figure 17.3), these 
are exactly analogous to the orbitals of the AH S main group compound (Chapter 
14). We have introduced a strong mixing with metal d orbitals so that e' in 17.23 
is a mixture of x 2 - y 2 and xy character as well as x and y at the metal. The e set 
displayed in Figure 17.3 are the nonbonding components of this three orbital pat- 
tern. Likewise the nonbonding 2a x orbital of AH S will now find a perfect symmetry 
match with metal z 2 . The 2 a\ level in 17.23 is the bonding component and a shown 
at the upper left of Figure 17.3 is the antibonding partner. 



From Figure 17.3 we can comment on the preferred geometries of ML S com- 
pounds as a function of d electron configuration. Recall that there is a slight 
favoring of the D 3I , trigonal bipyramida! geometry for the d° configuration from 
our discussion of main group stereochemistry. Figure 17.3 indicates that for d 3 , J 4 
the trigonal bipyramid should be favored even more since the yz component of 
e" rises in energy on distortion away from this structure. For d s ,d 6 a square pyr- 
amid (with 0 ~90° from Figure 17.2) is expected. For d 2 we need to weigh a 
two-electron stabilization along the D 3I , -* C 4 „ coordinate against a one-electron 
destabilization. The D 3h geometry, however, is Jahn-Teller unstable. In low tem- 
perature matrices where low spin d\ d 6 , and d 7 pentacarbonyls have been made, 7 
these compounds have square pyramidal geometries. The d 6 case is particularly 
interesting since the level pattern for the D 3h and C 4u structures suggests the singlet 
and triplet states might have different geometries. The situation therefore is very 
similar to that for cyclobutadiene in Chapter 12 and just like the tetrahedral/square 
planar problem discussed for four-coordinate d 8 molecules in Chapter 16. Ther/ 6 
singlet state is unstable at the D 3h geometry since the e orbital would be half-full 
but is stabilized on distortion to a C 4v or C 2u geometry. A triplet trigonal bipyramid 
appears from Figure 17.3 to be stable at this geometry. A singlet square pyramidal 
but triplet trigonal bipyramidal structure is expected. A closely related geometrical 
problem is that of the photochemical rearrangement processes in the low spin 
square pyramidal d b ML S molecule. Experimentally, irradiation ofW(CO) 4 CS leads 8 
to tie exchange of apical and basal CS groups via a mechanism that does not in- 
volve photodissociation (17.24). We can make use of Figure 17.3 tounderstand this. 
Promotion of an electron from the e to <7, orbital of the square pyramidal structure 
leads to a geometrical instability and the molecule distorts to the trigonal bipyra- 
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0 C^ ^Cs 


17.24 


midal geometry (17.25) which is a way point on the overall route of returning the 
high energy, excited electron to the c pair of orbitals from where it originated. 
(Notice how the labeled ligand has changed places). This can be regarded as a photo- 
chemical Berry process. 9 



Thermal interconversion of these cf 6 -ML s systems will be quite complicated, it 
is clear that going from the far right in 17.25 to the D 3h isomer will be energetically 
difficult. Not only do the two electrons in the b 2 level rise to high energy, but the 
D 3I , geometry is Jalui-Teller unstable. A more favorable way for the thermal inter- 
conversion is illustrated in 17.26-17.28. One of the four CO ligands is bent toward 



17.26 17.27 17.28 


the missing sixth coordination site. The transition state, 17.27, does not have D 3h 
symmetry. Three SC— W— CO angles 9 are ~90° and the other is~135°. The bend- 
ing motion is continued from 17.27 to 17.28 so that overall it appears that the CS 
group has migrated from a position trans to the sixth coordination site to a cis 
position. The virtue of this pathway is that the x 2 - y 2 /xy set is not degenerate in 
17.27. In fact, 17.27 maximally has C 2u symmetry. The center ofFigure 17.3 shows 
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the level splitting pattern for this species. The path from 17.26 to 17.27 maintains 
only C s symmetry and there is a good bit of intermixing within the orbital set which 
we will not cover here. The potential surface for the thermal rearrangement of this 
molecule is similar in form to that for Hj and C S HJ described earlier and shown in 
Figure 7.5. The point E is the trigonal bipyramidal energy maximum, the points 
A-C correspond to the square pyramidal structures and the saddle points D to the 
geometry of 17.27. 

In addition to details concerning the angular geometry choices in ML 5 . the or- 
bital diagrams also allow us to understand the relative metal-ligand distances and 
site preferences in these molecules. 5 Within the same molecule there are two sym- 
metry in equivalent linkages (and therefore sites); axial and equatorial in the trigonal 
bipyramid and apical and basal in the square pyramid (17.29). For the trigonal bi- 

axial apical 

I 



pyramid, recall the weaker axial than equatorial bonding for the main group (d°) 
examples (Section 14.2). This will also be found for d°-d ‘ 4 transition metal systems 
since the e pair of ‘d orbitals (Figure 1 7.3) are not involved in M-L o interactions. 

or the low spin d complex however, four electrons reside in d orbitals (e') which 
are net metal-equatorial ligand antibonding. The result is now the prediction of a 

wtfTo f f th3n eqUat ° rial M_L ,inkaSe ~ a reversal of the situation. 

WUh 10 electrons we expect a return to the d° situation, although as we will see 

later tins is not in fact found in practice. For the square pyramid the result is a 
httle more complicated since the molecule has an angular degree of freedom and 
the e pair of orbitals, a nonbonding at 6 = 90°, become o antibonding for 6 >90° 
The result is a weaker basal than apical M-L linkage for d° through d 6 when these 
e orbitals are occupied. This effect reinforces the d° result which was described in 
iaP , ef c ' . Th ® a> orblta ! IS str ongly antibonding between the metal and apical 
kgand. For the low spin d configuration it is the apical linkage which should be 

ZmV' n ‘f ^ summarized in 1130 17.31. Table 17.2 shows some 

bond lengths for a selection of square pyramidal molecules which are understandable 
along these lines. For the high and low spin d* complexes note the tremendous dif- 

o mlt 6 Z (Z ) ^ (Z2) ‘(* 2 "-I' 2 ) 1 configurations. In order to be able 
understand the trigonal bipyramid problem we need to look at tt bonding. 



w = weaker 


s = stronger 


17.30 


17.31 
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TABLE 1 7.2. Some Representative Bond Lengths (A) in Square 
Pyramidal Molecules 


Electronic 

Configuration 

Molecule 

Apical 

MY 

Distance 

Basal 

MY 

Distance 

Bond 

</ 9 

Cu(pyN0) 2 (N0 3 ) 2 

2.44 

1.96 

Cu— O, Cu— N 


Cu(dmg) 2 

2.30 

1.95 

Cu— O, Cu— N 

hs d 8 

Ni(5-ClsalenNEt 2 ) 2 

1.98 

2.00 

Ni— N 


|Ni(dmp)Cl 2 ] 2CHC1 3 

2.06 

2.07 

Ni— N 


Ni(bddae) (NCS) 2 

1.97 

1.95 

Ni— N 


INi(tpen)] (C10 4 ) 2 • MeNOj 

2.10 

2.10 

Ni— N 

Is d 8 

Ni(bda)Br 2 

2.70 

2.33 

Ni— Br 


Ni(CN)^' 

2.17 

1.85 

Ni— C 


Ni(DSP)l 2 

2.79 

2.19 

Ni— S 

Isd 7 

Co(CN)l" 

2.01 

1.90 

Co— C 


Co(CNQH s )! - 

1.95 

1.84 

Co— C 

Is d 6 

Ru(CO)(PPh 3 ) 2 ((CF 3 ) 2 C 2 S 2 ) 

2.27 

2.35 

Ru-P 

hs </ 4 

MnCll-" 

2.58 

2.30 

Mil— Cl 

a . 

MnCir® 

2.46 

2.27 



a Bipyridinium counterion. 
Phenanlhrolium counterion. 


For the trigonal bipyramid there are four symmetry-allowed interactions shown 
in 17.32-17.35. Three involve interaction with the e" orbitals and one interaction 
with the e orbitals. 17.34 and 17.35 are equivalent by symmetry. Since the e or- 
bitals are hybridized away from the ligands as described above, the rr-type overlap of 
a ligand orbital with e in 17.32 is significantly larger than any of the other interac- 



17.34 


17.35 
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ACCEPTOR 



4 ^ 4 ® 

eq n «q . 



S a R t lJn 7 ' 4 ; , InteraCti0n diagrams for a sm « le - faced n acceptor or donor in eq„ and eq, 

ihown f “ ,h " ,ic “ 

lions, that is e qi > eq, =*ax. However, it is important to realize that just because 
•I 6 e i! lnteractlon ls * ar S er ^an ax, rr-bearing ligands will not always prefer the e qi 
site. I he site preferences depend on the number of electrons and on whether the 
ngand is a rr acceptor or donor. Figure 17.4 shows interaction diagrams for a weak 
equatorial acceptor or donor which we have constructed by ensuring a larger 
interaction energy for eq L compared to eq„. Clearly for a d* system with an equa- 
onal Ti donor e qi is preferred over e qil since this results in maximum stabilization 
the occupied b 2 ligand donor orbital compared to 6, in the eq. case. For a d 8 
system, however, at the e qi geometry the occupied higher energy b 2 orbital is de- 
stabilized more than the corresponding orbital in the eq„ case. Here the favored ar- 
rangement is the eq„ one. For a n acceptor ligand Figure 17.4 shows that a d 6 or 
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d B system will prefer the eq,, and d 2 or d 4 systems, the eq„ arrangement. An 
example of the d 8 case is provided by the molecule Fe(CO) 4 C 2 H 4 (17.36) where 
the ethylene ligand is a it acceptor via its n* orbital. The reverse orientation is found 
for the d 9 molecule 17.37 where the 7r donor orbital on the equatorial imidazole 
ring is oriented eqn. Presumably this is set by steric interactions between the 
imidazole ligands. 



17.36 


17.37 


The structure of a highly active olefin metathesis catalyst has been established 10 
by NMR spectroscopy to be that shown in 17.38. These are formally W(IV)-c/ 2 
systems, if the CHR’ carbene group is treated as a neutral two-electron donor with 
an empty p orbital-a superlative n acceptor; see 15.20. Clearly the eq„ conforma- 
tion on the upper left of Figure 17.4 is the only way to stabilize these highly elec- 
tron-deficient compounds. The structure shown in 17.38 is a nice confirmation of 
the theory. By way of contrast the species Fe(CO) 4 CR 2 with a d* configuration 
has the eq^ orientation, perhaps the orientation least favored on steric grounds. 
Another example is provided" by 17.39. One could view the CAl 2 Me 4 Cl unit as 
an anionic carbene species to help out in the electron counting. The molecule is 
then d . Notice that the olefin, as well as the carbene ligands, are oriented in the 
eq,, direction. Both members of the e" set (a 2 and b x in Figure 17.4) are stabilized. 


x 



X X-Cl.Br 
17.38 


PMe 3 

H 3 C-I ^ AIM« a% 

Y\ < + > ^AIMe-T 
PM 8 j 



17.39 


For all those cases where eqn is suggested to be favored ax substitution will also 
be close in energy from the size of the interactions 17.32-17.35. For those systems 
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ACCEPTOR 



DONOR 

FIGURE 17.5. Axial and equatorial infraction diagrams for the case where the rr donor or 
acceptor carries a pair of rr orbitals. 

where the ligand carries a pair of rr orbitals (e.g.. a donor such as Cl" or an acceptor 
such as CO) then Figure 17.5 predicts an equatorial site for a d 8 -d'° molecule 
containing an acceptor, and an axial site for a donor. In a molecule with one of these 
electronic configurations but where all the ligands are the same, this argument then 
says that on rr-bonding grounds, axial bonds should be stronger than equatorial for 
* donors and the converse for v acceptors. If we combine both of these results and 
those associated with the a framework, described earlier, the general conclusion for 
a a system (the most common electronic configuration for these molecules) is that 
o an 7 r e fects reinforce each other for n acceptor ligands (eq stronger than ax) but 
tor n donors the two effects, a (eq stronger than ax) and n (ax stronger than eq), 
work in opposite directions. 
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Although it is hazardous to try and weigh competing a and n effects several of 
these theoretical trends are borne out experimentally. Strong i r acceptor ligands 
tend to occupy the equatorial sites of the trigonal bipyramid as shown in the selec- 
tion of molecules 17.40. In 17.40b the methyl group, a strong o donor, occupies 


o 



the axial site, but in 17.40c a phosphine ligand occupies this position in a complex 

where there is a weaker a donor present (Cl 3 Sn). Table 17.3 shows some bond lengths 
in trigonal bipyramidal molecules. The axial linkages are either shorter than the 


TABLE 17.3. M-Y Bond Lengths in Some Trigonal 
Bipyramidal MY S Structures 


M-Y (A) 


Molecule 

Configuration 

Axial 

Equatorial 

Fe(N 3 )I" 

d s (hs) 

2.04 

2.00 

Co(C 6 II 7 NO) s 2+ 

d n (hs) 

2.10 

1.98 

Ni(CN)?" a 
NiP 2 * b 

d 8 

d 8 

1.84 

2.14 

1.99, 1.91 
2.19 

Fe(CO) s 

d 8 

1.81 

1.83 

Co(CNCH 3 )£ 

d 8 

1.84 

1.88 

Pt(SnCl 3 )s~ 

d 8 

2.54 

2.54 

Pt(GeCl 2 )^ u 

d 8 

2.40 

2.43 

Mn(CO)J 

d 8 

1.82 

1.80 

CuCli" 

d 9 

2.30 

2.39 

Cu Br 2 ' 

d 9 

2.45 

2.52 

CdCl|" 

d 10 

2.53 

2.56 

HgCl 5 3 

d'° 

2.52 

2.64 

AsF 5 

d'° 

1.71 

1.66 


a C 2u structure intermediate between D ih and C 4lr 
The ligand is 2,8,9-trioxa-l-phosphaadamantane. 
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equatorial ones or about the same length for d 8 and d 9 complexes containing rr 
donor ligands. For systems containing n acceptors there seems to be no universal 
trend, perhaps in agreement with our comments above concerning competing a and 
rr effects. Notably for d'° systems the longer equatorial than axial distances is cer- 
tainly not in keeping with the idea that the d° preferences (cf. AsF s in Table 17.3) 
should hold here. It has been suggested that strong s-d mixing will lead to enhanced 
bond strength to the two axial ligands in these d'° complexes (see 2a[ in 17.23). 
This will give a linear Cl— Hg— Cl unit with short Hg— Cl distances. Such a struc- 
tural unit, often associated with other weakly coordinated ligands, is a prominent 
feature of Hg(ll) chemistry and of the coinage metals in their +1 oxidalion state. 
HgCl 2 itself contains isolated triatomic molecules of this type; the mineral cinnabar 
(HgS) contains spirals made up of linear — S— Ilg— S— units. MHgCl 3 and M 2 HgCl 4 
complexes (M = alkali metal) contain linear HgCI 2 moieties with other much longer 
Hg— Cl contacts. Clearly here our simple orbital ideas are at present unable to con- 
vincingly rationalize these results. 


17.4. MOLECULES BUILT UP FROM ML S FRAGMENTS 

In this section these valence C 4 „ ML, fragment orbitals are used to build up the 
orbitals of more complex units. First, we will look at the level structure 12 - 13 of a 
simple dimer M 2 Li 0 (17.41). The ML S d orbitals neatly partition into o(z 2 ) i r(xz, 



yz) and 8(x 2 - y 2 , xy) types in this geometry. The details of the resulting orbital 
diagrams however, depend crucially on the identity of the ligands L. Let us look 
at the two cases, L = Cl and L = CO, typical simple ir donor and acceptor ligands, 
respectively. Recalling that n donors destabilize and acceptors stabilize the “t 2 ^” 
orbitals (Chapter 15) and that although xy may interact with four ligand rr orbitals, 
xz and yz may only interact with three, we end up with a two above one level ar- 
rangement for M(CO) s and a one above two arrangement for MCI s . These are shown 
at the middle of Figure 17.6. The x 2 - y 2 level is at very high energy being destabi- 
lized by the four basal ligands and is not shown in this figure. Since xy, xz, and yz 
are destabilized by the lone pairs on Cl, these levels are energetically closer to the 
z hybrid orbital for ReCl|" than in Re(CO) s . These factors are important in under- 
standing the differences in the orbital pictures which result when two MC1 S or two 
M(CO) s units are brought together. The metal-metal distance in Re 2 (CO) 10 of 3.04 
A is much longer than the corresponding distance (2.22 A) in Re 2 Cl g Xf (X = 
H 2 0). As a result, all of the metal-metal interactions are larger in the halide. Be- 
cause of this fact and the other points we have just noted, d 7 Re 2 (CO), 0 has a 
single a bond between the two metal atoms but Rc 2 C1 8 X 2 ~ has a quadruple bond 
made up of one 5, one a, and two 7r components (17.42) as shown in Figure 17.6. 
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FIGURE 17.6. Interaction diagrams for two M 2 L 10 systems. Notice how the rr levels in 
Re(CO)s lie to lower energy than in ReCll - , a direct result of the rr acceptor and donor nature 
of the ligands respectively. Combined with a shorter metal-metal distance in the halide the final 
level diagrams are quite different. 


0 0 

C C Cl Cl 



How can we increase the bond order between the two ML, fragments for the case 
of L - acceptor? By shortening the MM distance the relevant orbitals change in 
energy in the obvious way shown in 17.43. For the case of 10 electrons (a d 5 metal) 
a formal triple bond is predicted (n 4 8 2 8* 2 a 2 ). Indeed Cp 2 M 2 (CO) 4 species (M = 
Cr, Mo, W), isoelectronic with the unknown V 2 (CO) 10 molecule, with this electron 
configuration have very short metal-metal distances. As we will see later Cp is equiv- 
alent to three coordinated ligands. 
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long Re-Re short 



■CO 




The energy levels of an H(ML 5 ) 2 complex (17.44) may be derived in a similar 
way by adding the hydrogen Is orbital to the orbital picture produced by two ML S 
units set at the metal-metal distance expected in a molecule of this type (Figure 
17.7). Note the small interaction between orbitals of f> type at this distance. We 
would expect a stable molecule to result for the electron configuration shown at 


OC — -Cr — H — Cr CO 

o c I o c ^l 

c c 

0 0 


17.44 


the right-hand side of Figure 17.7 and an example is IICr 2 (CO)( 0 (17.44). The struc- 
tures of the HM 2 (CO)7 () ions are actually a little more complex than that shown in 
17.44. In each case the hydrogen atom lies off the metal-metal axis (17.45). The 
simplest way to view this distorlion is to gradually move the metal atoms closer 
together (and thereby increase their interaction) and at the same time move the 
hydrogen atom off the M— M axis. The result is shown in 17.46 for the pertinent 

,H. 

(co) 5 m-h— M(CO)“ (co) 5 m M(CO)~ 


'\ /i <-> 



17.45 


17.46 
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FIGURE 17.7. 


Generalion of [lie level diagram for an IIM 2 L I0 species by allowing the Is 


hydrogen orbital to interact with the orbitals of the M 2 L 10 unit. 


orbitals. The unoccupied out-of-phase z 2 orbital combination (metal-hydrogen 
nonbonding) goes to higher energy as the metal atoms increase their overlap, and 
the corresponding bonding combination experiences a stabilization. At the same 
time however, the hydrogen Is orbital moves toward a node in the ML S z 2 hybrid 
orbital and overlap is reduced. These two factors operate energetically in opposite 
directions. This means that the bending motion is rather soft and a variety of geom- 
etries are observed. If the distortion 17.45 proceeds further, the orbital pattern and 
bonduig picture becomes very similar to that of triangular Hj (Section 5.2). 

Another problem which may be tackled in the same way as the bridging hydride 
case of 17.43 is that of a bridging halide which contains s and p orbitals. Figure 
1 7.8 shows a diagram, analogous to Figure 17.7 for this particular case. Now both 
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symmetric and antisymmetric z 2 hybrid combinations of the two ML, units find 
suitable partners on the bridging halide. The diagram has been constructed to em- 
phasize the larger a than v type interactions in this unit. Stable M 2 L„ species of 
this type are found for many transition metal halides (e.g., Nb 2 F„) and the tetra- 
meric unit M 4 L 20 (17.47) is a common structure for many transition metal fluorides 

MF S . 



% 



17.47 


The scheme shown in Figure 17.8 gives rise to a collection of six closely spaced 
orbitals derived from weak tr overlap of the “f 2x " orbital sets of the two square 
pyramids with the bridging ligand orbitals. Two t/ 4 metals, with a total of eight 
electrons occupying this collection of six orbitals, are then expected to lead to a 
paramagnetic situation. If the n interaction between the ML 5 units and the bridging 




FIGU RE 1 7.8. Generation of the level diagram for an XM 2 L,„ species by allowing the valence 
s and p orbitals of X to interact with the orbitals of the M 2 Lio unit. 
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ligand is large then situation changes. The result is a much stronger destabilization 
of the (ML s ) 2 level labeled ir than shown in the middle of Figure 1 7.8. With a total 
of eight d electrons a sizable HOMO— LUMO gap opens up and a diamagnetic 
species is formed. This is the case 14 for the molecule Cp(CO) 2 Cr— S— Cr(CO) 2 Cp. 
isoelectronic with (CO) 5 Cr S— Cr(CO)ij + . The good n contribution to the Cr — S 
linkages suggests the description Cp(CO) 2 Cr=S=Cr(CO) 2 Cp for this molecule. 

Sometimes in these units the M — X — M bridge is linear, otherwise it is bent. We 
will be particularly interested in a different type of distortion, that shown in 17.48, 



the distortion of the symmetric structure to an asymmetric one. A clue to under- 
standing this particular motion lies in the energetic behavior of the a* and a* or- 
bitals of Figure 17.8. It is difficult to predict a priori whether o g or o* lies higher 
in energy, but we will see that for our purposes it is not important. As the distor- 
tion 17.48 proceeds the center of symmetry is lost and o* and o* orbitals mix to- 
gether. The top orbital goes up in energy and the bottom orbital drops in energy as 
a result (Figure 17.9). The change in the description of the o g and o* orbitals on 
distortion is an interesting one. 15 The higher energy orbital at the symmetrical 
structure ends up as a o antibonding orbital (one of the e g pair) on the now ap- 
proximately octahedral unit, and the lower energy orbital becomes a pure z 1 
hybrid orbital located on the ML, square pyramidal fragment. Figure 17.9 shows 



5- coord, 
donor 


FIGURE 1 7.9. Orbital correlation diagram for the a* and a* orbitals of the symmetric bridge 
structure, as the X atom is moved off center. Energetically the picture is symmetrical about the 
center but the orbital descriptions at the left- and right-hand sides of the diagram are different. 
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this pictorially for both the left and right distortions of the bridging atom or al- 
ternatively as the bridging atom is moved from one side of the bridge to the other. 

Let us work with the example on the left side of Figure 17.9. As the bridging 
halide moves toward the metal atom a* mixes (17.49) into Og in a way to reduce 
the antibonding interaction between the metal atom on the left and the bridging 
atom (z 2 in a* is bonding to the halide s orbital in o| and the halide z in o* is bonding 
to metal z 2 in o|). The resultant orbital cancels amplitude on the left ML 5 unit and 
reinforces it on the right ML S unit. Now o£ must mix into a* with the opposite 
phase relationships. The result, shown in 17.50, has reinforced amplitude at the 




left ML S fragment and canceled amplitude at the right ML S . If a,* lies below a* 
in Figure 17.9, exactly the same results are obtained. We shall continue with the 
ordering of o| below a*. With one or two electrons in the Og orbital this simple 
result indicates that such species will be unstable at the symmetrical structure and 
should distort to the asymmetric arrangement. This is a typical example of a second- 
order Jahn-Teller distortion. For the case of two electrons the electronic ground 
state is ‘Zj and the lowest excited singlet state is of symmetry The distortion 
mode which will lower the energy of the system via a second-order Jahn-Teller 
mechanism is of symmetry a y X o„ = a„ that is, the asymmetric motion of the 
the central atom. One example of a static distortion of this type is the CrF s species 
which exists as an extended solid-state system. The local geometry about a pair of 
chromium atoms, one Cr(ll), the other Cr(III), is shown in 17.51 and shows that 
the bridge is asymmetric. Since Cr 3+ and Cr 2+ ions are high spin d 3 and i/ 4 , respec- 
tively, at the symmetrical geometry one electron would occupy the a y orbital. 
With two electrons in the o y orbital the classic scries of Pt(ll)/Pt(IV) mixed valence 
compounds are found (17.52). These are also extended solid-state arrays and are 



17.51 


17.52 
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viewed as such below but their local geometry clearly shows the bridge asymmetry. 
Both of these examples are mixed valence compounds because, as we can see from 
Figure 17.9 at the asymmetric structure the a* electron(s) are located on the five- 
coordinate unit in CrF s (and the analogous orbital for the square planar Pt case,. 

There are strong links between these mixed valence species and an important 
class of reactions-namely those arising via electron transfer. 15 ' 16 The inner sphere 
redox behavior of the Cr(II)/Cr(III) system has been studied in great detail. By 
usmg labeled chloride (Cl*) it was cleverly shown that the redox process is associated 
with atom transfer (17.53) and that this occurs in the opposite direction to electron 
transfer, perhaps via the inner sphere complex (17.54). in 17.53 we use the terms 



labile and inert to describe the kinetic stability of these complexes. Ligand substi- 
tution at Cr(III) is very slow and so the identity of the CrCl s Cl* 3 “ ion is preserved 
in solution. By way of contrast ligand substitution at Cr(II) is fast and so the ion is 
best described as an aquo complex constantly exchanging water molecules with 
the solvent. After electron transfer the coordination sphere around the old Cr(U) 
ion (new Cr(lII) ion) is frozen since it is now the inert species in solution. The co- 
ordination sphere around the old Cr(IIl) ion (new Cr(II) ion) will rapidly be replaced 
by water. We can use the scheme of Figure 17.9 to see how this takes place in 
detail. At the left-hand side of the diagram the electron is totally associated with 
the square pyramidal five-coordinate reductant Cr(ll). As the X atom from the 
Cr(lII) unit moves to the center of the bridge (a transition state from our discus- 
sion above) the orbital containing this electron has equal weight from both metal 
atoms. Technically “half an electron” has been transferred at this point. As the 
bridging atom moves past the symmetric structure to the right-hand side of the 
bridge, then the electron transfer is now complete and Cr(II) and Cr(III) species are 
again produced. Thus the electron transfer has proceeded in a smooth way initiated 
by the atom transfer. We stress that not all redox processes are this simple (many 
proceed by the outer sphere route where no species such as 17.54 occurs) but within 
the context of this electronic model one can think about ways that the other ligands 
around the metal and the transferred halogen can perturb the rate of the reaction. 

As we mentioned above the Pt(lI)/Pt(IV) mixed valence compounds are in fact 
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found as infinite chains. So, instead of the two orbitals a* and o* of Figure 17.8 
we have an energy band 17 shown in 17.55. The very bottom of the band corresponds 
to the Og type of orbital with a phase factor of +1 between adjacent cells, and the 
top of the band is the corresponding o* combination. Just as the pair of orbitals 
of Figure 17.9 increased their separation as the bridge is made asymmetric, so the 
band 17.55 of the infinite system splits into two on such a distortion (17.56). 
The result is a Peierls-type distortion of the one-dimensional chain with a half-filled 
band. Note that the stabilization results in a square planar environment for low spin 
d s Pt(II) and an octahedral environment for the low spin d 6 Pt(IV) species, two 
typical geometries for these oxidation states. 




17.5. PENTACOORDINATE NITROSYLS 

Coordinated NO is found in two basic geometries in transition metal complexes, 
linear and bent, exemplified by the molecules 17.57 and 17.58 as well as structures 
intermediate between the two. We shall concentrate on five-coordinate examples 
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1757 

which may have a square pyramidal, trigonal bipyramidal, or an intermediate co- 
ordination environment. We will be interested in understanding in broad terms 
when the MNO unit is linear and when it is bent. 18 - 19 We begin with a square pyra- 
midal ML 4 NO complex containing an apical nitrosyl group. Figure 17.10 shows 
the assembly of such a diagram in the obvious way, using the important frontier 
orbitals (n, ir ■ ) of the NO group and those of square planar ML 4 . On the far left of 
Figure 17.10 are the orbitals of a square planar ML 4 . Making the four ligands 
pyramidal leaves the xy orbital unchanged in energy. It stays totally nonbonding, 
the x y orbital is stabilized somewhat since some overlap to the ligands is 
lost. This also occurs in z 2 except that metal s and z hybridize with z 2 so that the 


°> b) 



n + Xz 2 


n!mn, RE J t 7 n„°' f En r 8C , tiC be ' ,avior of the square planar ML„ d levels on pyramidalization. 
(b) Interact, on of these levels with those of NO to give a square pyramidal ML 4 NO species. 
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180 160 140 120 

lr-N-0 Angle 


FIGURE 17.11. Energetic behavior of 
the metal d and nitrosyl «* levels on bend- 
ing the M-N-O unit. Adapted from Ref. 

18 the calculation refers to an iridium 
nitrosyl species. 


orbital points out away from the ligands. The mechanism for this change is identical 
to that for pyramidalization in AH 3 (Chapter 6 ). Finally xz and yz are destabilized 
and somewhat hybridized. A close comparison of the MU orbitals and those of the 
C 4 „ ML S unit on the right side of Figure 17.3 shows that there is only one difference. 
Removal of the apical ligand in ML S stabilizes the z 2 orbital greatly and rehybrid- 
ization occurs so that it is pointed toward the missing apical ligand. It finds a strong 
interaction with the lone-pair orbital of NO which has been labeled n on the right 
side of Figure 17.10. Likewise xz and yz interact with the n* levels of NO. When 
filling this manifold with electrons we need to keep track, not only of the number 
of d electrons but in addition those which lie in the nitrosyl n* levels. The sum of 
the two (m) is given by a new notation {MNO}'". Figure 17.11 shows how the 
energies of these levels change as the MNO angle decreases front 1 80°. z 2 is stabilized 
quite dramatically. As shown in 17.59 there are two effects behind this. The anti- 
bonding interaction with the nitrosyl lone pair (n) is reduced on bending since now 
M, N, and O are not collinear. Concurrently a bonding interaction between z 2 and 
the nitrosyl 7 r* orbital is turned on. The interaction of one component of the 
nitrosyl n orbitals (n* z ) with xz decreases on bending 17.60, and xz becomes less 
M— L 7 r bonding and rises in energy. The overall increase in the energy of n* z shows 
the dominating influence of the a destabilization of the interaction 17.59 compared 
to the 7 r interaction of 17.60. In a simple way, then, Figure 17.1 1 indicates two 
opposing factors influencing bending. Occupation of jrz favors linearity but occupa- 
tion of z 2 favors bending. For {MNO } 6 systems where*)’ is the HOMO the approach 
definitely predicts a linear geometry. There is a single example, that of the dithio- 
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17.59 17.60 


carbamate (dtc) complex Fe(NO)(S 2 C 2 (CN ) 2 ) 2 which confirms this. For the 
{MNO } 8 configuration z 2 is filled and the result of inspection of Figure 17.11 sug- 
gests that bending should occur. In confirmation of this there is the Co(NO) complex 
of tetraphenylporphorin with an MNO angle of 135°. In many {MNO } 7 compounds 
an MNO angle of between 150 and 172° is found. Examples include Fe(NO)(dtc)l“ 
species with different counterions. Beyond the scope of our discussion here, by 
changing the nature of the ligands L in the ML 4 NO complex the relative slopes of 
z 2 and xz may be changed and the details of the MNO bending are subtly altered . 18 

One other distortion which may occur as a result of the bending process is the 
slipping of the nitrosyl off the coordination axis as in 17.61. Eventually, of course, 
the nitrosyl might attain a sideways geometry. Small distortions of this type are 
actually found in lrCl 2 (NO) (PPh 3 ) 2 and IrI(CH 3 ) (NO) (PPh 3 ) 2 . A detailed ac- 
count of the slipping motion in 17.61 has been developed for several diatomic 
ligands . 20 
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CHAPTER EIGHTFFN 


The Civ ML3 Fragment 


18.1. INTRODUCTION 

There is a strong electronic resemblance between the C 4 „ ML S fragment which was 
discussed m Section 17.1 and the “T-shaped” ML 3 fragment which is covered here. 
That relationship will be probed further in (lie last section of this chapter. In the 
second section some examples are presented which use the C 2v ML 3 fragment. 

18.2. THE ORBITALS OF A C 2v ML 3 FRAGMENT 

The valence orbitals of the T-shaped ML, 3 fragment, 18.1, can be derived by remov- 
ing one ligand from square planar ML 4 , 18.2. This is shown in Figure 18 1 The five 
d block and one p orbital of MI, 4 (see Section 16.2) are displayed from a top view 

L L 

I I 



18.2 18.1 


on the left side of this figure. All of the orbitals are basically unperturbed when one 
igand is removed except for * 2 - y\ 2 b lg . This is stabilized greatly because one 
strongly antibonding mtcraction with a ligand lone pair is removed. The orbital also 
becomes hybridized as some metal j and y character are mixed into 18.3 in a way 
which is bonding to the lone-pair hybrids in 18.3. This hybridization comes about 
m a way that is analogous to the a, hybrid in the ML S fragment (Section 17.2). 
The resultant orbital, 18.4, is labeled 2a, in Figure 18.1. The 2a, g (z 2 ) level will 
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FIGURE 18.1. Construction of the orbitals of a C 2v ML 3 fragment from a square planar com- 
plex. The L ligands contain only a donor hybrids. 
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also be stabilized very slightly by removing one ligand. The reader should note that 
we have labeled each orbital in the ML 3 fragment according to the C 2U point group. 
We want to emphasize, however, that one antibonding orbital is shifted to moderate 
energy and it becomes hybridized out toward the missing ligand. The rest of the 
levels remain basically unchanged, just as we saw for the square pyramidal ML S 
fragment. 
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FIGU RE 1 8.2. A Walsh diagram for bending one L-M-L angle in a ML 3 complex. 

Next, it is interesting to examine what geometrical options are available to ML 3 
as a molecule itself. A surface that we explored in the main group area (Section 
14.2) is the variation of one angle from a T- through D 3Ii to a Y-shaped structure. 
This is done for ML 3 in Figure 18.2. The orbitals listed on the left correspond to 
the C 2v T-shaped structure derived in Figure 18.1. The a 2 , 1 b 2 , and 2 b 2 orbitals 
are orthogonal to the lone-pair functions of the ligands on all points of the distor- 
tion coordinate. The la, orbital is primarily metal z 2 and s. Varying the L— M— L 
angle does not change the overlap of the ligand hybrids to them, thus these four 
levels remain at constant energy. The b t orbital, 18.5, is destabilized as the tram 
L — M— L angle is decreased. Overlap between the ligands and metal xy is turned 
on and as seen in 1 8 .6 this is an antibonding interaction (see Section 1 5 .4 for a related 
case). The ligand-based level will be stabilized. The destabilization is somewhat 
abated because metal x character is also mixed into this level in a way that is bond- 
ing to the ligands. Conversely, the 2a, level, 18.7, is stabilized. As shown in 18.8, 
antibonding between the ligand hybrids and x 2 - y 2 is diminished while bonding to 
metal y is turned on. When the three L— M— L angles are 120°, 18.6 and 18.8 
meet and become an e' set. At this special point the symmetry of the molecule is 
D 3h . The orbitals have been labeled at the middle of Figure 18.2 to reflect this. 






A d s , 14-electron ML 3 complex would have the lowest four levels filled in Fig- 
ure 18.2. These are b x + a 2 + lb 2 + la t on the T side or a 2 + 1 b 2 + la, + 2 a x at 
the Y geometry. At a D 3h structure there will be a degeneracy. The e set will be 
half-filled which signals that either the complex must be high spin (a triplet) or it 
will undergo a Jahn-Teller distortion to the T or Y geometry. Structural evidence 
for these very reactive 14-electron complexes is largely lacking; however, the 
structure of (Ph 3 P) 3 Rh + has been determined. 1 It is diamagnetic and approxi- 
mately T-shaped (one P — Rh — P angle is 159.4°). 

There are a number of connections that make these d s systems interesting. First 
of all, in Section 16.4 one pathway for cis-trans square planar ML 4 interconversion 
involved a d 8 -ML 3 species, 18.9. A rearrangement must take 18.9 to its tram 
isomer 18.10 which then may be intercepted to yield the tram- ML 4 . There are two 
ways that the rearrangement from 18.9 to 18.10 can occur. A geometrically ob- 
vious pathway would be to decrease the tram A — M — B angle in 18.9 to a trigonal 
species, 18.11, where all angles around the metal are 120°. However, as shown in 
Figure 1 8.2 this is energetically prohibitive (provided that there is no change of spin 
state). Instead the molecule must distort via the Y structure of 18.12 where the 
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A M — B 
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M B 


A 18.10 


B — M 8 


A — M — A angle has opened considerably and the cis A — M — B angle somewhat 
decreases. Relaxation of this Y arrangement yields the tram - T intermediate, 18.10. 
In Section 19.5 we shall cover a reaction where a d 8 (CH 3 ) 3 M intermediate with a 
T ground state rearranges to a Y geometry and undergoes reductive elimination to 
ethane and (CH 3 )M. There are also interesting connections with problems we have 
discussed elsewhere. For example, in Section 17.3 the mechanism of the thermal 
and photochemical rearrangements in W(C0) 4 CS was investigated. The reader 
should carefully compare the electronic details for the rearrangement of this 


d 6 ML S species with d 8 ML 3 case here. They are identical! A Mexican-hat surface 
like that given by Figure 7.5 occurs for each. 

With 10 d electrons in the valence levels of Figure 18.2 it is clear that a D 3h 
structure will be preferred. Remember that although b, goes up in energy from the 
T geometry to D 3h , there is a lower ligand-based orbital of b x symmetry which is 
stabilized (see, for example the situation in Figure 15.4). Thus, the dominant factor 
is the stabilization of the HOMO, 2<7 : , which sets the D 3h geometry for these 
d 10 ML 3 compounds. For example, Pt(PPh 3 ) 3 and trisethylene nickel adopt this 
structure. Depending upon the steric constraints of the surrounding ligands, there is 
some latitude in the L — M — L bond angles that are observed, 2 so distortions to- 
ward the T or Y structures are relatively soft for these 16-electron complexes. With 
two additional electrons the high lying metal z orbital (a 2 ) becomes filled. One 
would anticipate that the molecule will be more stable at a pyramidal geometry. 
This is exactly the same as in the pyramidalization of AH 3 (Section 9.2). The 
empty metal s orbital mixes into a 2 which causes it to be stabilized and hybridized 
out away from the ligands. The pyramidal ML 3 fragment orbitals can be con- 
structed in this manner; 3 however, something a little more complicated happens 
with e and e" and we will return to this in Section 20. 1, 

18.3. ML 3 -CONTAINING METALLACYCLES 

In Section 1 1 .2 we showed that the concerted or least-motion dimerization of two 
olefins requires excessively high activation energies. This is the classic case of a 
symmetry-forbidden reaction. A two-step reaction mechanism, or at least a differ- 
ent reaction path has to be followed. In this section a somewhat analogous reaction, 
the dimerization of two olefins in the presence of Fe(CO) s and CO 4 , is investigated. 
An initial sequence in this reaction is the photosubstitution of CO by two olefins 
on Fe(CO) 5 which gives the 18-electron intermediate, 18.13. It rearranges to the 
16-electron metallacyclopentane, 18.14, wherein one C — C and two Fe — C bonds 
have been formed. Intermediate 18.14 is then trapped by CO, yielding the 18- 
electron metallacyclopentane, 18.15. Finally, 18.15 presumably undergoes car- 
bonyl insertion, addition of an olefin, reductive elimination and addition of the 
second olefin to regenerate 18.13 and cyclopentanone, 18.16. The oxidative cyclo- 
addition step, 18.13 to 18.14, is the focus of our interest here. A careful theoretical 
study of the reaction has been carried out by Stockis and Hoffmann, 5 and the 
reader should consult the original work for details on alternative reaction sequences, 
stereoselectivity questions, and so on. There have been a number of other investiga- 
tions of the coupling of two coordinated olefins to form a metallacyclopentane. 1 ’ 1 1 
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FIGU RE 1 8.3. An orbital interaction diagram for bis-ethylene-I : e(CO) 3 . 



18.21 

tion of the C — C o and a* bonds in the ferracyclopentane. Increasing r 2 maximizes 
formation of the two Fe— C a and 0 * bonds. Figure 1 8.4 shows an idealized Walsh 
diagram for the orbital energy changes along this reaction path. Since the a 2 and b , 
levels are concentrated at the iron atom and are nonbonding to the two olefins, 
they remain unperturbed throughout the transformation. Let us carefully look at 
the other molecular orbitals from the bis- olefin side of the reaction. Molecular \a x 
is concentrated on the ethylene v combination 18.17. It is stabilized as r, decreases 
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C-C a (o,) 

FIGURE 18.4. An idealized plot of the orbital energies for the oxidative coupling reation. 

becoming the C— C a bond, 18.22. The 1 b 2 molecular orbital correlates to an 
Fe— C o level of b 2 symmetry, 18.23. Notice that the electron density on the 
olefinic carbons becomes greatly redistributed. This is a result of the other MOs of 
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a i and b 2 symmetry mixing into la, and 1 b 2 . The exact details are not important 
to this analysis; 5 however, one can easily see that la, is C — C bonding and 1 b 2 is 
Fe — C bonding. The two very high lying MOs not shown in Figure 18.3 smoothly 
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correlate to the C — C o*(b 2 ) and an Fe — C cr*(a, ) combination. The other molec- 
ular orbitals behave in a more complicated way. Let us start with 3a,. It is pri- 
marily z 2 - y 2 bonding to ethylene 7r*. This is illustrated from a top view in 18.24. 
There is substantial density on the olefinic carbons, thus decreasing r, stabilizes it. 
Molecular 2a, is concentrated heavily on the iron atom, 18.25. Decreasing /•, and 
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increasing r 2 increases the antibonding between the ethylene n and metal d func- 
tions, and therefore, 2a, initially rises somewhat in energy. Initially then 3a, at- 
tempts to correlate with the C— C a or Fe— C a level and 2a, with the nonbonding 
z 2 - y 2 or Fe — C a* orbital. But molecular orbitals of the same symmetry can never 
cross and what actually occurs is an avoided crossing (Section 4.7) between 2a, and 
3a,. This is indicated by the dashed line in Figure 18.4, so 2a, becomes an Fe — C 
a orbital and 3a, correlates to the nonbonding z 2 - y 1 , 18.26. Something similar 
happens to the molecular 2 b 2 orbital. On the bis-olefin side it is primarily metal yz 
antibonding to the olefin w combination in 18.18. The antibonding between the 
two olefinic carbons as r, decreases makes this orbital rise in energy. An actual 
correlation to the a* C—C level is avoided by the 3 b 2 molecular orbital and 2 b 2 
actually evolves into the.yz nonbonding orbital shown in 18.27. 
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The important result of this exercise is that given all of the avoided crossings 
along the reaction path and the complexity that the metal d functions add to the 
problem, the reaction is still symmetry forbidden. The empty 3a, orbital on the 
bis-olefin side becomes filled and the filled 2 b 2 level becomes empty. The reader 
should note that this is true only if z 2 - y 2 , 18.26, lies lower in energy than the 
yz orbital, 18.27. One expects a trigonal bipyramidal splitting pattern on the 
ferracyclopentane side of the reaction. 18.26 and 18.27 correspond to the e set of 
D 3h ML S . However, we have clearly not shown these two molecular orbitals to be 
degenerate on the right side of Figure 18.4. The reason behind this lies in the rela- 
tive a donor strengths of the equatorial ligands. In the ferracyclopentane inter- 
mediate z 2 - y 2 is antibonding primarily to carbonyl a; however in yz it is anti- 
bonding to two alkyl hybrid functions. The latter interaction is stronger (more 
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destabilizing) for energy gap and overlap reasons. Therefore, we arc left with the 
notion that this reaction path which maintains C 2 „ symmetry cannot be the correct 
one. 

A number of routes can be envisioned which are symmetry allowed. 5 The most 
plausible one involves twisting the equatorial carbonyl off from the y axis as the 
cyclization proceeds to form 18.28. 18.28 is ready to coordinate an additional CO 
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ligand at the sixth coordination site to yield 18.15. Moving the equatorial CO group 
lowers the symmetry to the molecule to C r The z 2 - y 2 and yz orbitals at the right 
of Figure 1 8.4 have the same symmetry (o'). At some point along the reaction path 
they undergo an avoided crossing, and therefore, the reaction becomes symmetry 
allowed. 

The preparation and study of metallacycles has been a subject of active investiga- 
tion for organometallic chemists. We have just seen one example where metallacycle 
formation is a key step in a catalytic process and there are several others most 
notably, olefin metathesis. The metal acts as a geometrical and electronic template 
in these reactions. For unsaturated metallacycles there arc interesting questions 
concerning delocalization. 12 Recently, a tungstenacyclobutadiene complex, 18.29, 
was prepared. 13 The compound is quite stable and not very reactive (in contrast to 
cyclobutadienes with similar substituents). Its structure 13 shows relatively short 
W— C,(C 3 ) and C| — C 2 (C 3 ) bond lengths indicative of substantial delocalization. 
Furthermore, the C,— C 2 — C 3 bond angle is very oblique, 1 19°, so that the W— C 2 
distance is relatively short, 2.12 A (compared to the W— C,(C 2 ) distances of 
1.86 A). Furthermore, the W— C,— C 2 (W— C 3 — C 2 ) angle is 78°, somewhat less 
than the idealized value of 90°. So the compound has distorted from a square to a 
rhombus. The electronic structure can be developed by interacting a bisdehydro- 
allyl 3- fragment, 18.30, with WC1^ + . The full interaction diagram is given in Figure 
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18.5 at a “square” geometry with C 2ll symmetry. The complexity is deceiving; the 
interaction diagram is easily constructed because a- and w-type orbitals are orthog- 
onal. On the right side of this figure is the bisdehydroallyl fragment. There are two 
lone pairs (18.30) which are directed toward the two missing hydrogens of an allyl 
anion. Linear combinations yield two fragment orbitals of a x and b 2 symmetry. 
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There are also three n levels, 1 b x + a 2 +2/;,. We have formally adjusted the elec- 
tron count so that 1 A, and a 2 are filled as in the allyl anion. On the left side of the 
orbital interaction diagram are displayed the valence orbitals of the C1 3 W 3+ frag- 
ment. Since halogens, like alkyl groups, are treated as anionic two-electron donors, 
the metal is W(6+). Therefore, the metal is formally d°. There is a slight difference 
in the level ordering for this fragment (and this was also true for the Fe(CO) 3 case) 
from that in Figure 18.1. Our earlier treatment of the ML 3 fragment ignored ir 
effects so the b,, a 2 , and 1 b 2 levels were equienergetic. This is not the case for the 
WC1 3+ fragment since Cl is a 7r donor. The ordering in Figure 18.5 is a reflection of 
this. All three chloro ligands destabilize b x . The two trans chlorines destabilize a 2 
and only one interacts with 1 b 2 (the n acceptor CO groups stabilize the d set so the 
level ordering in Figure 18.3 is opposite to that shown here). 


Cl Cl 



-H- lb, 

FIGURE 18.6. An orbital interaction diagram showing only the a portion in 18.29. 

As previously mentioned the n and a molecular orbitals remain orthogonal in 
this molecule. Figure 18.6 shows the a component. The a, and b, lone pairs of 
the bisdchydroallyl unit are stabilized primarily by Is, and 1 b, along with 2<z, 
and 2b-, on the metal. The resultant molecular orbitals are listed as a s and a„ for 
mnenonic purposes in this Figure. The molecular levels n s and n a arc primarily 
WCI3 fragment orbitals 1 a, and 1 b, antibonding to the lone-pair hybrids on the 
dehydroallyl fragment. The 2a, and 2 b 2 fragment orbitals of WCl** also mix into 
these molecular orbitals. n s and n a then are hybridized and closely match the e set 
in a trigonal bipyramidal ML S complex. 

Overlaying these a orbitals are the n orbitals of the metallacyclobutadiene. Fig- 
ure 18.7 shows the pattern which evolves. Three fragment orbitals are of 6, sym- 
metry. Let us start with the molecular level labeled n t . It is composed, as shown in 
18.31, by the in-phase combination of the lowest allyl 7r level and metal b , . Some 
ally! 2 b, is mixed in second order. There is an obvious correspondence to the low- 
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FIGURE 18.7. An orbital interaction diagram showing only the a portion in 18.29. 

st 7T level in cyclobutadiene (Section '12.3). Likewise, n 3 which is illustrated in 
18.32 corresponds to one of the nonbonding cyclobutadiene set. The other member 
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would be the middle allyl n level, a 2 . In this system, and this is part of the reason 
why the metallacycle is less reactive than cyclobutadiene, the allyl a 2 orbital inter- 
acts with the a 2 metal function. The bonding combination, n 2 (see 18.33), is 
markedly stabilized and a healthy energy gap between ir 2 and n 3 ensues. Finally, 
7 t 4 and 7T S are the antibonding analogs of 18.33 and 18.31, respectively. 

The 7T bonding in the metallacyclobutadiene can be improved still further by the 
rhomboid distortion indicated by the arrows in 18.34 fsec Figure 12.6b for the re- 
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lated distortion in cyclobutadiene). ; r, is stabilized as the W— C 2 distance (see num- 
bering system in 18.29) becomes shorter. Overlap between metal ft, and allyl 1ft, in- 
creases. The LUMO, zr 3 , rises in energy-see 18.32. As the C, — C 3 distance in- 
creases, n 2 , 18.33, will also be stabilized because the antibonding between C, and 
C 3 is diminished and bonding is increased from C, and C 3 to the metal a 2 orbital. 
Thus, distortion to a rhomboid structure is stabilizing and actually increases 7r con- 
jugation in the metallacyclobutadiene ring. 

18.4. COMPARISON OF C 2v ML 3 AND C 4l , ML S FRAGMENTS 

The valence orbitals of a d 6 ML S and d B ML 3 fragment are explicitly shown in 
Figure 18.8. There is an obvious, direct correspondence between the e + b 2 trio in 
ML 5 and ft, + lft 2 + a 2 in ML 3 . The z 2 fragment orbital in ML S also resembles 
x 2 - z 2 . Both orbitals are hybridized out away from the ligands and present the 
same symmetry properties to an incoming probe ligand. (In this case both arc of 
a \ symmetry, but what is important is that both have hybrid functions which are 
cylindrically symmetric.) The x 2 - y 2 orbital in ML, does not find a match in the 
ML 3 fragment. However, it is an orbital that is strongly metal-ligand antibonding. 
It will not overlap to any significant extent with an additional, sixth ligand (that 
overlap would be of the S type). In the ML 3 fragment;' 2 (la,) and;' (2ft 2 ) would 
also be essentially nonbonding to a fourth ligand which forms a square planar 
complex. In Section 16.1 (see 16.2 and 16.3), we saw that there was a relationship 
between the molecular orbitals of octahedral and square planar systems. Here we 
emphasize the correspondence between the orbitals of an ML 5 fragment when it is 
used to combine with a sixth ligand and form an octahedral complex and the ML 3 
fragment when an analogous square planar complex is formed. In this regard when 
two trans ligands are removed from an ML, fragment, 18.35, the antibonding 
x 2 - y 2 level is greatly stabilized. It becomes y 2 in Figure 18.8 and is doubly oc- 
cupied for a low spin d 8 system. There is certainly some intermixing of x 2 - y 2 , 
z 2 , and metal s that creates la, and 2a, . However, it should be clear that the ML 5 
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and ML 3 fragments have four analogous valence orbitals. In ad 6 ML, and d 8 ML 3 
fragment three are filled and one is empty. The extra two electrons in ML 3 come 
from the nonbonding y 2 - la, . The three filled metal orbitals in each fragment are 
utilized for 7r bonding. The low lying, empty fragment orbital in each will form a o 
bond with a donor orbital from an extra ligand. 

Let us see how this relationship works out in terms of some simple, representa- 
tive examples. The molecular orbitals of CH 3 Mn(CO) s are developed in 18.36. The 
a, hybrid orbital on Mn(CO), interacts strongly with the lone pair of the methyl 
group, a and o' molecular orbitals are formed. The rest of the valence orbitals on 
Mn(CO), are left nonbonding to the sixth ligand so we have reconstructed the 
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octahedral splitting pattern with three (filled) MOs lying below two. An orbital 
interaction diagram for Cl 3 Pt(CH 3 ) 2_ is given in 18.37. A square planar splitting 
pattern is restored. Notice that again the major perturbation between the fragment 
orbitals occurs between the hybrid orbital on Cl 3 Pt~ and the lone pair of the 
methyl group that forms the o and a* MOs. To be fair the la, Cl 3 Pt fragment 
orbital is destabilized slightly by the methyl lone pair, but this is a minor effect (for 
overlap reasons) and the other three orbitals on Cl 3 Pt~ are left rigorously nonbond- 
ing. A number of d 9 -d 9 M 2 L 6 dimers exist; 18.38 is one such example 14 and 
Pt 2 (CO) 2 Cl 2- is another. 1 5 Each metal atom achieves a 16-electron count by the 
formation of a metal-metal single bond. It is a straightforward matter to build up 
the MOs of 18.38 from the union of two d 9 ML 3 fragments. The 2a, hybrids form 
bonding (o) and antibonding (o*) molecular orbitals. 18.39 shows the orbital that 
houses the two electrons front each singly occupied 2a, fragment orbital. There 
will also be eight closely spaced MOs which arc filled. They are derived from the 
in-phase and out-of-phase combinations of la, , Z>, , a 2 , and b 2 orbitals of the ML 3 
unit. The separation between bonding and antibonding partners will depend on the 
metal-metal separation. This distance is fairly large for the Pd — Pd single bond in 
18.38 and the splitting is therefore small. The orbital pattern is not at all different 
from that derived for Mn 2 (CO), 0 (see Section 17.4). The o bond, 18.40, has an 
obvious resemblance to 18.39 for the M 2 L 6 dimers. 
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The left side of Figure 18.9 builds up the molecular orbitals for Zeise’s salt, 
cthylene-PtCl^. The ethylene -n level is stabilized by the 2a, acceptor orbital. One 
member of the group of nonbonding metal functions, namely the b 2 level, has the 
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FIGURE 18.9. Orbital interaction diagrams for two olefin-metal complexes. 


right symmetry to find a match with ethylene 7T*. Consequently, the metal h 2 or- 
bital is also stabilized. This is the essence of the Dcwar-Chatt-Duncanson model 17 
for metal-olefin bonding. Charge from the filled ethylene 7r orbital is transferred 
to an empty metal hybrid orbital. 18.41. There is also a backbonding component; 
charge is transmitted from a filled metal d function to the empty ethylene n* 
orbital. This pattern is also readily apparent for ethylene-Cr(CO) s on the right side 
of Figure 18.9. The ethylene v orbital is stabilized by a, on Cr(CO) 5 and one com- 
ponent of the e set is stabilized by ethylene rr*. The amount of forward and back 
donation in 18.41 and 18.42 is not expected to be precisely the same in both com- 
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plexes. We can say with some certainty that both effects will be important. 18 
Computationally this is a quantity which is difficult to pin down. It is sensitive to 
the method, parameters (basis set, etc.), and the exact details for partitioning 
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electron density between the atoms. What we can do is to establish trends. If 7 r 
acceptor groups are substituted on the ethylene, then the energies of n and it* drop. 
This makes the 18.42 (b 2 + n* or e + 7r*) interaction stronger since the energy gap 
between the fragment orbitals becomes smaller. The 18.41 interaction (a x +7r) 
must necessarily become smaller at the same time since the energy gap between a, 
and 7 t is larger. On the other hand substitution of 77 donors on the ethylene ligand 
causes 18.41 to become stronger and 18.42 weaker. 

The analogy between the C 2u ML 3 and C 4u ML 4 fragments can be carried much 
further. For example, the electronic features of the olefin insertion reaction, 19 
18.43, are very similar to the catalytic olefin hydrogenation step in 18.44, 20 the 
carbonyl insertion reaction for CH 3 Mn(CO) s , 21 or even the chain propagation step 
in Ziegler-Natta polymerization. 22 The electronic factors that modify the tram 
M — L bond length for octahedral L'ML S complexes are identical to those in square 
planar L'ML 3 . 23 These studies utilized extended Hiickel, CNDO, Xa, and ab initio 
techniques. The important lesson is that the basic electronic structure of these 
molecules, as set by their fragment orbitals, is expected to be invariant with respect 
to the computational technique. 

T CHg ch 3 
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CHAPTER NINETEEN 


The ML2 and 
ML4 Fragments 


19.1. DEVELOPMENT OF THE C 2v ML 4 FRAGMENT 
ORBITALS 

The removal of two cis ligands from an octahedron generates the C 2v ML,, frag- 
ment, 19. 1. 1 The lessons we have learned from the ML S and ML 3 fragments suggest 
that removal of these two ligands will create two empty hybrid orbitals that are 

L 

L-jS 19.1 

L L 

directed toward the missing ligands. Figure 19.1 shows this decomposition. The 
three members of t 2g are not affected by the perturbation, nor basically is one 
member of the e g set. The other member of e g , xz using the coordinate system at 
the top of this figure, and 2a ]g are stabilized greatly. In both cases a substantial 
portion of metal-ligand antibonding is removed. Both orbitals are also hybridized 
by mixing metal x and z into them since the symmetry of the molecule is lowered 
from O h to C 2u . For the b 2 case the x component of 2 t lu mixes in a bonding way 
with respect to the overlap between the metal function in one orbital and the ligand 
portion in the other, see 19.2. The 2a, orbital also is perturbed by metal z from the 
2 t\ u set, yielding 19.3. The two empty hybrids of 19.1 when symmetry adapted 
generate orbitals of b 2 and a, symmetry which correspond to those in 19.2 and 
19.3. The remainder of the octahedral set is basically unperturbed. Notice from 
Figure 19.1 that there has been some redistribution of d character in la, and 3a,. 
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FIGURE 19.1. Construction of the valence orbitals of a C 2v ML 4 fragment front octahedral 

ML 6 . 



19.2 19.3 


Most of this is due to changing the ligand field (the coordinate system has also been 
changed from that normally given for an octahedron so that the ML„ fragment 
orbitals are simpler combinations). The components of la, and 3a, intermix so 
that 3a, retains maximal antibonding to the ligands and la, remains nonbonding. 

A d 6 ml 4 fragment is set up to interact with either two external ligands or a 
single four-electron donor [say a cyclobutadiene or butadiene ligand; both cyclo- 
butadiene-Cr(C0) 4 and butadiene-Cr(C0) 4 are well-known organometallic com- 
pounds] via its empty 2a, and b 2 fragment orbitals. An octahedral-like splitting 
pattern will be restored. A more interesting situation arises with the addition of two 
electrons. A low spin d s species would have the b 2 level filled. There is not so great 
of an energy difference between b 2 and the empty 2a, orbital. We are back again 
to the singlet-triplet energy difference we first encountered with methylene (Sec- 



JOU 


I nc ivi i_2 iin-4 < 


ULEFIN-ML4 COMPLEXES 


361 



FIGURE 19.2. A Walsh diagram for bending triplet Fe(CO)„ toward a tetrahedron (left) and 
singlet Fe(CO >4 to a square plane (right). 


tion 8.8). Actually there arc a number of similarities between Fe(CO) 4 and CH 2 
besides the spin multiplicity questions. Both species have orbitals of a, and b 2 
(or b 1 ) symmetry with a small energy difference between them. The singlet-triplet 
energy difference in each case is sensitive to the geometry. Figure 19.2 shows two 
distortion pathways that are of interest to us. The left side pertains to the triplet 
Fe(CO) 4 molecule. The b, orbital as shown in 19.4 is destabilized, becoming 
one member of the t 2 set on distortion to a tetrahedron. Another member is b 2 . 
Finally, 2 a, undergoes an avoided crossing with 3a,. There is also considerable 
interorbital mixing with la, so that ultimately 2a, becomes the third member of 
t 2 , 19.5. The 3a, level is converted into a metal s orbital of a, symmetry. a 2 and 
la, basically stay at constant energy yielding the e set. On the surface it seems that 
there should be no tendency for triplet Fe(CO) 4 to adopt a tetrahedral geometry. 
The one electron in 2a, which is stabilized certainly cannot overrule the two elec- 
trons in /;, that rise in energy. However, recall from related distortions (see, for 
example, Section 15.4) that there is a bonding equivalent to 19.4 which is stabil- 
ized. This partially offsets the upward slope of 6, . The optimum geometry of 



triplet Fe(CO) 4 then lies somewhere between these two extremes; it is given by 
19.6. 2 The addition of two more electrons fully populates 2a, and b 2 . The struc- 
ture of a complex such as Na 2 Fe(C0) 4 then lies 3 very close to the tetrahedron. Re- 
turning to Fe(CO) 4 now with a singlet electronic configuration, we can see on the 
right side of Figure 19.2 that distortion to a square planar structure should be 
stabilizing. The hybridized b 2 orbital becomes one member of e g , 19.7. Antibond- 



ing between metal d and the ligands is reduced which stabilizes the b 2 level. It also 
must lose its hybridization. There is again a complicated intermixing between la,, 
2a,, and 3a, so that ultimately la, becomes a lg (z 2 using the normal coordinate 
system of a square plane), 2a, becomes a 2 „ (z), and 3a, becomes b lg (x 2 - j> 2 ). 
Unfortunately nothing is experimentally known about singlet Fe(CO) 4 , although it 
apparently is less stable than the triplet form. Certainly on the basis of electron 
counting one would expect a square planar complex for this 16- electron system. 

19.2. OLEFIN-ML 4 COMPLEXES 

The d 8 C 2v ML 4 fragment presents an anisotropic electronic environment to a 
ligand. The three lower orbitals in Figure 19.1, a 2 +6, + la, , are filled along with 
the higher lying b 2 orbital. The asymmetry comes about from the b 2 - b x differ- 
ence. Tire b 2 orbital lies at a higher energy and is hybridized toward the missing 
ligand(s). Therefore, it will be a better donor orbital than b t . Our probe ligand 
where this effect can nicely be illustrated is ethylene. In Section 17.3 we devel- 
oped a rationale why olefins lie in the equatorial plane for d B trigonal bipyramidal 
complexes rather than orienting themselves along the axial direction. We return to 
the problem here from a fragment orbital perspective. Figure 19.3 shows orbital 
interaction diagrams for ethylene-Fe(CO) 4 in the two possible orientations, 19.8 
and 19.9. In both conformations la, and 2a, interact with the ethylene rr level. 
That produces three molecular orbitals; the lower two shown in Figure 19.3 are 
filled. The middle level can be identified with the e' set in a trigonal bipyramidal 
splitting pattern and the lowest level is mainly ethylene n with some la, and 2a, 
character mixed into it in a bonding fashion. What is important is that the overlap 
between these three fragment orbitals is essentially invariant to rotation. In other 
words, all are cylindrically symmetrical with respect to the Fe-olefin axis. There- 
fore, energies of the three molecular orbitals must also be constant as a function 
of rotation. The a 2 Fe(CO) 4 fragment orbital is nonbonding at conformations 19.8 
and 19.9. This leaves us with the b t , b 2 pair of Fe(CO) 4 and ethylene n*. In the 
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FIGURE 19.3. Interaction diagrams for ethylene-Fe(C0>4 in two possible conformations. 


conformation 19.8 as shown on the left side of Figure 19.3 the it* orbital is of b 2 
symmetry. Its overlap with the Fe(C0) 4 b 2 fragment orbital is large and the small 
energy gap between them creates a stable two- electron-two- orbital bonding situa- 
tion. The filled bonding orbital can be identified with the other e component of a 
trigonal bipyramidal complex, strongly backbonding to ethylene tt*. When the 
ethylene ligand is rotated by 90° to 19.9 the 7r* orbital becomes of by symmetry. 
It then forms a bonding combination with the by fragment on Fe(CO) 4 . The 
b 2 Fe(CO) 4 level is left nonbonding. Which conformation is more stable? The real 
question is which of the two bonding combinations, b 2 + n* in 19.8 or by + u* in 
19 . 9 , is more stabilizing? The b 2 level is closer in energy to v* than by by virtue of 
the antibonding between metal d and the two equatorial lone pairs. Furthermore 
b 2 is hybridized (see 19 . 2 ) out toward the ethylene, whereas by is not. The hy- 
bridization creates a larger overlap with n*. Therefore, both energy gap and over- 
lap factors make the b 2 + 7r* interaction stronger than that for by +ir*, and so 
conformation 19.8 with the olefin lying in the equatorial plane is of lower energy 
than 19.9 where ethylene is in the axial plane. Steric factors also reinforce this pref- 
erence. The energy difference is actually calculated to be quite large— about 30kcal/ 
mol at the extended Hiickel 4 and ab initio 5 levels. Indeed, all e/ 8 olefin-ML 4 com- 
plexes adopt tins geometry. 6 However, NMR measurements 7 have put the rota- 
tional barrier for olefin-Fe(CO) 4 complexes to be in the 10-15 keal/mol range. 


Why is there so large a discrepancy? The energy and hybridization differences of by 
and b 2 are at the heart of the barrier problem but we have looked at a rigid rota- 
tion. There is a geometrical way to equivalence by and b 2 by carrying out a pseudo- 
rotation motion, 19 . 10 . The arrows indicate the direction the carbonyl ligands take 
going from the C 2v to a C 4u structure where both trans C— Fe— C angles are iden- 
tical. As the two equatorial carbonyls move apart the lone pairs move toward the 
node of the metal d component in b 2 . Consequently the b 2 fragment orbital drops 
in energy, 19 . 11 . On the other hand, as the axial carbonyls move closer together the 
lone pair hybrids overlap with the by fragment orbital in an antibonding way so the 
energy rises and hybridization is turned on. The b 2 and by levels meet to form an 
e set at the C 4( , structure, 19 . 12 . Now the ethylene n* acceptor orbital will not dis- 



criminate between the two fragment orbitals because they are members of an e set 
and there should be free rotation at this geometry. The reaction path these com- 
plexes take is complicated. A coupled olefin-rotation, pseudorotation path is 
followed from 19.13 to the square pyramidal structure, 19 . 14 , which serves as a 
transition state. It will cost energy to attain 19 . 14 ; notice in 19.11 and 19.12 that 
the energy of by rises and b 2 becomes a poorer tj donor (it is stabilized less by rr*). 
Continuing the rotation-pseudorotation motion in the same direction leads to the 
trigonal bipyramidal structure 19 . 15 . The equatorial and axial carbonyl groups have 


— - 

19.13 


.Fe — 





19.14 19.15 


exchanged sites. In order for this to be the correct mechanism, equatorial-axial 
carbonyl exchange must be (and is from the NMR studies) present. Notice that a 
rigid rotation mechanism would not exchange equatorial and axial groups. Another 
sequence of rotation-pseudorotation steps brings 19.15 to the original configura- 
tion, 19 . 13 . 

Allene-Fe(CO )4 complexes undergo another kind of intramolecular rearrange- 
ment wherein all four n-faces of the allene become equivalenced, 19 . 16. 8 Drawing 
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from our past experience with ethylene-Fe(C0) 4 we can make some easy predic- 
tions about the mechanism for this rearrangement. The dominant interaction in 
ethylene-Fe(CO) 4 was between b 2 and 7r*. So too will it be for this case. This is 
illustrated in 19.17 along with the rr* orbital for the uncoordinated C — C double 
bond. If we assume that the mechanism for the rearrangement in 19.16 proceeds 
via a structure where the Fe(CO) 4 group is most strongly coordinated to the central 
allene carbon and more weakly, but equally, bound to the outer carbons, then the 
allene must rotate about its axis by 45°. That is only reasonable since the 7r faces 
of allene are orthogonal. But in order for bonding to be maintained witli the 
Fe(C0) 4 b 2 orbital there must also be a 90° rotation about the allene-Fe axis. The 
requisite geometry is given in 19.18. Both ir* orbitals (in reality a linear combina- 



19.17 19.18 


tion of the two) overlap with b 2 at the transition state 19.18. So the reaction path 
for 19.16 is technically complicated with the Fc(CO) 4 slipping toward the center 
of the allene ligand and two separate rotational motions. 


19.3. THE C 2 „ ML 2 FRAGMENT 

Figure 19.4 shows the derivation of the orbitals of a C 2 „ ML 2 fragment by removal 
of two cis ligands from a square planar ML 4 complex. The e g and a 2u levels of the 
square plane are totally unaffected by the perturbation. The 2a, g and b 2g molec- 
ular orbitals intermix a little since the symmetry of each fragment orbital becomes 
a,. But the major change comes from 2b, g and 3 a, g . Both orbitals lose one-half 
of their antibonding character to ligand lone pairs and so they are stabilized con- 
siderably. Metal p character is also mixed into each in a way which is bonding to 
the remaining ligand lone pairs. Just like in the C 4 „ ML S and C 2v ML 3 fragments 
there is a correspondence between the orbitals of C 2U ML 2 and ML 4 (compare 
Figure 19.1 with 19.4). Both have a set of three d-based orbitals at low energy of 
a, + b, + a 2 symmetry. There are two hybrid orbitals at higher energy which point 
away from the remaining ligands. They are of a, and b 2 symmetry and were de- 
rived by removal of two cis ligands. The ML 2 unit has one additional orbital at low 
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FIGURE 19.4. Derivation of the orbitals of a C 2 „ ML 2 fragment from the molecular orbitals 
of square planar ML 4 . 

energy, 2a , , which corresponds to the high lying, antibonding 3a, level in ML 4 . 
Finally, ML 2 has a high energy metal p orbital, 2b, . That orbital along with 2a, is 
destabilized when two axial ligands are added to form a C 2v ML„ fragment. This 
analogy then pairs a C 2v d 6 ML 4 fragment with a d 8 ML 2 unit and d 8 ML„ with 
d ML 2 . A singlet ground state for d 10 Ni(CO) 2 is guaranteed (the species has 
been observed by matrix isolation 2 ) because the molecule is greatly stabilized by 
distortion to a linear, D^ h geometry. The b 2 HOMO goes down in energy, meeting 
the block of the other four d orbitals. This is then just a linear 14-electron system 
(see the discussion around 16.6). One could envision a chelating bisphosphinc (an 
example is provided by 19.19), where the P — Ni — P angle is forced to be less than 
180°. The b 2 level then is energetically close to 3 a, and a triplet state with one 
electron in b 2 and the other in 3 a, should be possible. 


19.19 
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19.4. POLYENE-ML 2 COMPLEXES 


The bonding and conformational preference of ethylene-Ni(PR 3 ) 2 is very similar 
to the case study of ethylene-Fe(CO) 4 . The orbital interaction diagram for an 
“in-plane” conformation is shown in 19.20. Ethylene rr interacts with la, and 3a, 
to produce three molecular orbitals; the two filled lower ones are explicitly shown 



in 19.20. The 1 />, , a 2 , and 2a, orbitals are nonbonding. This leaves us with b 2 and 
ethylene n*. They combine to form a strong bonding interaction. Rotation of the 
olefin to an “out-of-plane” geometry, 19.21, will be energetically costly. At 19.21 
ethylene v* has /), symmetry and will stabilize the Ml., 2 b t fragment orbital, 19.22. 
We are again at a point where the b 2 + 7r* combination in 19.23 for the in-plane 



19.21 19.22 19.23 


conformer needs to be compared with the 6, + 7r* one, 19.22, for the out-of-plane 
geometry. For the same energy gap and overlap reasons as in cthylene-Fe(CO) 4 , 
the interaction in 19.23 is much stronger than that in 19.22. The a, orhitals arc 
cylindrically symmetric, so these molecular orbitals remain at constant energy dur- 
ing rotation. The actual barrier is quite high, ~20-25 keal/mol, 4 because unlike 
cthylene-Fe(CO )4 there is no good geometric way here to make the b , orbital 
equivalent to b 2 . In a sense this result should not surprise us too much. Consider 
the ethylene to be a bidentate ligand. The in-plane conformation then corresponds 
to a 16-electron square planar system (one could either think of the olefin as a two- 
electron neutral donor or as a dianionic four-electron donor). The out-of-plane 
geometry would correspond to an unstable 16- electron tetrahedral complex (sec 
Section 16.4). An extension of this analysis 9 also shows that the sterically much 


more encumbered structure, 19.24, for trisethylene nickel is more stable than 
19.25. This has been determined to be experimentally true by X-ray diffraction. 10 



19.24 19.25 


In the past two chapters we have analyzed metal-olefin bonding in four differ- 
ent systems. Let us present a general argument which will tic this discussion to- 
gether and pursue some of its ramifications. Any ML,, fragment has an empty 
orbital of a, symmetry, 19.26. It interacts with the filled it orbital of the olefin. 
There is also a filled metal orbital of b 2 (or b,) symmetry, 19.27, available for 
backbonding to ethylene 7r*. We have taken an olefin-metal respresentation, 19.28, 
for these complexes. But perhaps they are viewed better as metallacyclopropane 
complexes, 19.29. Putting this question in another way, is there any difference be- 



tween the formulations of 19.28 and 19.29? The metallacyclopropane model can 
be represented by the two localized metal-carbon o bonds in 19.30a. These are 
made symmetry correct by taking in-phase and out-of-phase combinations. The 
resultant orbitals, 19.30c and 19.30b, have a x and b 2 symmetry, respectively. 
Clearly, 19.30c corresponds to 19.26 and 19.30b to 19.27. So there appears to be 



no difference between the metal-olefin and metallacyclopropane structures. But a 
further consequence of the metallacyclopropane formation is that one immediately 
expects the substituents on the olefinic carbons to be bent back from a plane con- 
taining the olefinic carbons and away from the metal. This is illustrated in 19.29. 
Does the metal-olefin formulation lead to this distortion? When the hydrogens in 
ethylene are pyramidalized (see Section 10.3) a higher o* level, 19.31a, mixes into 
tt* in a way so that the hydrogen s components are bonding with respect to 7r*. 
This hybridizes rr* in the sense shown by 19.31b. The addition of carbon s char- 
acter and tilting of the two orbitals as shown leads to better overlap with the filled 
metal b 2 orbital. This mixing also lowers the energy of n* so the energy gap be- 
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I9.3la 19. 31b 


tween it and metal b 2 is smaller. Therefore, bending back the hydrogens makes the 
metal b 2 -ethylene 7r* interaction, 19.27, stronger. Again there is no difference 
between the olefin-metal and metallacyclopropane representations. 

What does change is the relative amount of «, + rr versus b 2 + n* interaction. A 
weaker b 2 + rr* interaction will diminish the tendency for the olefinic substituents 
to bend back. Notice that an increased a, +w interaction, 19.26, will cause the 
C— C bond to lengthen as will increased b 2 + n* bonding, 19.27. In the former case 
electron density is shifted from the carbon-carbon (w) bonding region toward the 
metal. For the latter case electron density is transferred from the metal to a frag- 
ment orbital which is carbon-carbon (tt) antibonding. The relative amounts of 
forward and back donation can also play a role in reactivity questions. Take, for 
example, nucleophilic attack on a olefin-metal complex." Our generalized bonding 
model for olefin-metal complexes is presented again in 19.32. The filled, lone-pair 


ML n ML n 



orbital of a nucleophile will seek maximal bonding with the LUMO of olefin-ML„. 
This is shown in 19.32 as being the antibonding combination of 7r* with metal b 2 , 
7r* - b 2 . That orbital is concentrated on the olefinic portion of the molecule and, 
thus, a large overlap with an incoming nucleophile lone-pair orbital is expected. The 
antibonding a, - v level is normally at a higher energy and it is concentrated at the 
metal. Nevertheless, one could utilize this orbital as an acceptor for the nucleophile, 


as well. It is clear that the lower n* - b 2 is in energy (the less jr* interacts and is 
destabilized by b 2 ), the greater will be its interaction with the attacking nucleophile. 
There are obvious ways to accomplish this by perturbations within the ML,, unit 
and substitutional factors at the olefin; however, it would seem that nucleophilic 
attack on olefin-ML„ complexes should never proceed at a rate that is faster than 
on the uncoordinated olefin. The ML„ b 2 orbital will always destabilize 7 r* to some 
extent. Yet, a number of ML,, groups accelerate nucleophilic attack." The point 
we have missed is that the ML„ group slips from an r? 2 position to p 1 in the prod- 
uct, 19.33 to 19.34, as the nucleophile attacks. It is this slipping motion that 
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activates the olefin to nucleophilic attack. Let us examine the form of the crucial 
HOMO-LUMO interaction between the nucleophile, Nuc", and olefm-ML,, com- 
plex at some point intermediate to 19.33 and 19.34. The HOMO lone pair of the 
nucleophile will still interact mainly with the -n * - b 2 LUMO of the complex as 
shown in 19.35. That stabilizes the lone pair. Slipping the ML„ group toward 7? 1 
lowers the local symmetry in the olefin-metal region and so the unoccupied a, - n 
orbital can also mix into 19.35. It will do so in a way given by 19.36 which is bond- 
ing to the in-coming nucleophile. The resultant orbital is shown in 19.37. There are 


(HOMO) 


(LUMO) 

^ \ KJJ ^0 

19.35 19.36 19.37 

two factors at work here. First, v* - b 2 is lowered by the slipping motion since the 
overlap between 71 * and b 2 is maximized at the tj 2 geometry. It is lowered further 
in energy by the first-order mixing of a, - n. Secondly, the mixing of 19.36 into 
19.35 induces a polarization on the olefinic carbons (compare this to nucleophilic 
attack of olefin vs. carbonyl compounds in Section 10.5). The atomic p coefficient 
at the carbon atom being attacked increases-see 19.37. That results in a larger 
overlap between the LUMO and the lone-pair HOMO. Therefore, slipping from p 2 
to r/ 1 activates attack by the nucleophile both by energy gap and overlap factors. 
This reaction type has been described here in a very general fashion. The number 
and kinds of ligands, the charge on the transition metal, and so on, will set the 
relative energies of n* - b 2 and a, - v and their composition. This, in turn, varies 




la 1 

FIGURE 19.5. An orbital interaction diagram for CpCo(CO) 2 . 


the extent of 19.35-19.36 intermixing and eonsequently the propensity toward 
nucleophilic attack. 11 

Let us move on to a more complicated polyene-MLz complex. An orbital inter- 
action diagram for CpCo(CO) 2 12 is presented in Figure 19.5. The Cp ligand has 
been treated as an anionic, six-electron donor. The three filled 7r orbitals that serve 
this function are displayed on the right side of the figure. This requires the metal to 
be formally Co(+l), d & , and with the two CO ligands an 18-electron count at the 
metal is achieved. The form of the resultant MOs is fairly easy to derive. The a 2 
orbital of Cp" interacts primarily with la, and 3a, on Co(CO)J. Two of the three 
composite MOs, labeled la' and 3a' in the figure, stay at low energy and are filled. 
The 2 a, and a 2 fragment orbitals of Co(CO)J have 5 symmetry with respect to 
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Cp". This means that they overlap with the two highest 7 r* orbitals of Cp (not 
shown in the figure, see Figure 12.5). However, the energy gap is quite large and 
the overlap is small since it is of the 8 type, so the interaction is quite weak. There- 
fore, 2a, and a 2 are essentially nonbonding. One component of the e", set on Cp" 
interacts strongly with the empty b 2 fragment orbital of Co(CO) 2 . This generates 
the la" and 3a" MOs in the molecule. The former MO is filled and the latter is 
empty, sec Figure 19.5. The other component of e", interacts primarily with I 8,. 
Notice that 18, and e", are both filled, therefore the bonding, 2a', and antibonding, 
5a’, combinations are occupied. The composition of 5a' is primarily given by 18, 
with e'l mixed into it in an antibonding fashion, 19.38. Additionally some 2b, 
character from the Co(CO)J fragment mixes in second order with the phase rela- 
tionship shown in 19.39 (bonding to e"). The resultant MO, 19.40, is heavily 
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weighted on the metal and hybridized away from the Cp ligand. The reader may be 
puzzled why the b, - e" orbital, 5a’, stays at such a low energy compared to the 
b 2 - e" analog, 3 a". The b 2 level is initially at a higher energy than 18,. Further- 
more, it is hybridized whereas 18, is not, which makes the overlap between b 2 and 
e, larger than that between 18, and e",. Another reason is the second-order mixing 
that 28, offers. This keeps the energy of 5a' low and b 2 has no low lying counter- 
part which accomplishes an analogous task. Nevertheless, 5a' does lie at moderately 
high energies because of metal d-C p v antibonding. CpCo(CO) 2 is consequently a 
strong base. 13 Puckering the Cp ligand to diminish this antibonding is energetically 
favorable for CpCo(CO) 2 14 as well as for other 18-electron poiycne-ML 2 complexes 
where an analogous situation occurs. 15 Alternatively the ML 2 unit can slip to a 
lower coordination number to relieve this antibonding interaction. But suppose the 
two electrons in 5a' were removed, yielding a 16-electron complex, for example, 
CpMn(CO) 2 . Reference back to Figure 19.5 shows that the now empty 5a' orbital 
lies fairly close in energy to the HOMO, 4<7'. Pyramidalization causes the two 
orbitals to mix 12 which lowers the energy of 4 a' and raises the energy of the empty 
5a'. The form of 4 a' and 5 a at a pyramidal geometry is given by 19.41 and 19.42, 
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respectively. The stabilization of the HOMO, 19.41, causes the pyramidal geometry 
for CpMn(CO) 2 to be strongly favored over a planar one. The LIIMO, 19.42, is 
beautifully hybridized to interact with the lone pair of a third carbonyl giving 
CpMn(CO) 3 — a well-known, 18 electron complex (see Section 20.1). There is an 
amusing antithetic relationship here between these organometallic CpML 2 com- 
plexes and main group analogs. Consider the Cp unit to be one “ligand.” The 
16-electron L' — ML 2 (L' = Cp) complexes are pyramidal whereas 6-electron com- 
pounds like CH 3 and BR 3 are planar (see Section 9.2). Both classes, of course, have 
a low lying LUMO and are strong Lewis acids. The addition of two electrons causes 
the L' — ML 2 series to become planar (19.42 is stabilized); however, 8 electron 
main group compounds like CH 3 and NH 3 are pyramidal. Again both classes have a 
high lying HOMO and are Lewis bases. 


19.5. REDUCTIVE ELIMINATION 


In a reductive elimination reaction a dialkyl transition metal complex, symbolized 
by 19.43, decomposes into an alkane and a coordinatively unsaturated complex. 
The reaction is synthetically useful under catalytic and stoichiometric conditions 16 


ML.., 
/\" 2 
R R 


ML n . g + R-R 


19.43 


and the reverse reaction, oxidative addition of an unsaturated metal complex into a 
C — C or C— H bond, offers a way to functionalize alkanes. Consequently, there has 
been much research on the mechanistic aspects of the reaction in the academic and 
industrial communities. The electronic aspects of this reaction and its reverse have 
also been studied extensively. 17 The wide variety of metals, number of ligands, and 
the electronic properties of the ligand set in 19.43 create a tremendous diversity in 
terms of reaction rates and even mechanistic details. 

The discussion here starts in a very generalized sense. There are four electrons in 
the two M— R bonds of 19.43. We would formally assign them to the alkyl groups. 
Two of the electrons are used to form the C — C bond in the alkane product of the 
reaction; the remaining two electrons become localized on the coordinately unsat- 
urated metal complex. Linear combination of the two M — R bonds produces 19.44 
and 19.45. The splitting between 19.44 and 19.45 is expected to be small. Both 
orbitals will be concentrated on the alkyl groups with some metal d and p character 
(19.44 will also contain metal s character). As the reductive elimination reaction 
proceeds 19.44 smoothly correlates to a a C — C bond while 19.45 evolves into a 
nonbonding metal d orbital, 19.47. The metal plays two roles in this reaction: it 
serves as a geometrical template holding the two alkyl groups in close proximity, 
and it is a repository for the other two electrons. There is a crucial difference here 
in the latter role compared to organic and main group compounds. 
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Consider an analogous least -motion reaction for the reductive elimination pro- 
cess in CH 2 R 2 which yields CH 2 and R— R. The MOs displayed in 19.48 and 19.49 
are analogs of 19.44 and 19.45, respectively. They have been labeled according to 
the C 2v symmetry of the molecule. A least-motion path then conserves C 2v sym- 
metry. The a x level, 19.48, again becomes the C — C a level, 19.50, of the resulting 
alkane. However, now the b 2 orbital, 19.49, correlates with a p orbital of CH 2 , 
19.51. We know from Section 7.2 that the a x level, 19.52, of CH 2 lies below b 2 in 
energy. 19.52 evolved from an empty o* orbital, and therefore, the least-motion 
path for this reaction or the reverse— insertion of CH 2 into a C — C bond— is sym- 
metry forbidden. The CH 2 group must undergo a sideways rocking motion as the 
two alkyl groups couple. The symmetry of the activated complex is lowered to C^. 
An analogous pathway, the reaction of CH 2 with ethylene to form cyclopropane, 
was covered in Section 1 1 .2. 



Returning back to the reductive elimination process for transition metal com- 
plexes, the evolution of 19.45 to 19.47 seems to be a bit mysterious. Originally 
19.45 is concentrated on the alkyl groups. One might think that this orbital should 
ultimately become the o* level of R — R. At some point along the reaction path 
electron density must be shifted from the alkyl groups, toward the metal. We have 
conveniently left out a number of orbitals in this analysis, one of which serves to 
redistribute the electron density in 19.45. 19.45 is crucial, because its upward slope 
will figure heavily in setting the activation energy for the reaction. 170 ’ 6 Let us look 
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at the decomposition of MR 2 into a naked metal atom and R— R. Figure 19.6 17 " 
shows this for R=CH 3 and M=Pd. This is not a reaction which is likely to occur 
on thermodynamic grounds; however, it contains all of the elements present in a 
more realistic case. On the left side of this figure are the orbitals of Pd(CH 3 ) 2 . 
They are identical with those derived for a ML 2 fragment in Figure 19.4 except 
that they have been redrawn so that the MR 2 “molecule” lies in the plane of the 
paper. Tiie lower two M-R o levels which correspond to 19.44 and 19.45 (la, and 
1Z> 2 , respectively) have also been included in the Walsh diagram. The la, orbital 
has been drawn very stylistically. It actually consists of metal s, z,x 2 - y 1 , and z 1 
bonding to the in-phase combination of alkyl lone-pair orbitals. There are now 


three orbitals of b 2 symmetry: 1 b 2 is concentrated on the alkyl groups bonding to 
metal x and * 2 ; 2 b 2 corresponds to the b 2 valence orbital in the ML 2 fragment- 
see Figure 19.4; finally, 3b 2 is the fully antibonding analog of \b 2 . There is also a 
block of four nonbonding metal d orbitals, 2a, +6, +a 2 +3a,, at moderate 
energy. A d 8 complex like Pd(CH 3 ) 2 will have 3a, as the HOMO and 2 Z>, as the 
LUMO. 

When the C— Pd— C angle decreases and the two methyl groups pivot toward 
each other the energy of la, goes down. It smoothly correlates to the a C— C 
bond of ethane. The 1 b 2 level rises in energy; metal-carbon bonding is lost and 
some antibonding between the methyl groups is introduced until finally \b 2 
evolves into the Pd xz atomic orbital. Nothing much happens to the block of four 
metal d orbitals. They essentially stay nonbonding with respect to the methyl 
groups along the reaction path. The 2 b 2 and 3 b 2 levels behave differently. Initially 
7b 2 is primarily metal xz; as the methyl groups move toward each other antibond- 
ing between them and xz is diminished, therefore, 2 b 2 stays at relatively constant 
energy, or in a more realistic system it may even be stabilized. Ultimately it be- 
comes a Pd x atomic orbital; consequently it rises in energy. The 3 b 2 MO behaves 
in a similar manner; it becomes the C— C a* orbital of ethane. The three b 2 levels 
undergo avoided crossings. Let us concentrate only on lft 2 and 2 b 2 . There is a 
natural correlation between 1 b 2 and a* along with lb 2 descending to the metal 
d block. This is indicated by the dashed line in 19.53. However, remember that two 
molecular orbitals of the same symmetry may never cross (Section 4.7). An avoided 
crossing occurs so that 1 b 2 becomes metal xz. Another avoided crossing takes place 
between 2 b 2 and 3 b 2 so that 2 b 2 actually correlates to the Pd x AO, and 3 b 2 be- 
comes a*. For simplicity we will disregard the latter avoided crossing, and as shown 
in 19.53 2 b 2 will yield u*. The intermixing of 1 b 2 and 2 b 2 can be treated in a typ- 
ical perturbation mode. The amount of mixing depends directly on the amount of 
overlap between the two unperturbed MOs that is introduced along the reaction 
path and inversely on the energy difference between the molecular orbitals. The 
quantity A E in 19.53 is related to the origin of the activation barrier for reductive 
elimination considering only the changes in orbital energies. The situation shown in 
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19.53 is a weakly avoided crossing. There is not much intermixing between 1 b 2 and 
lb 2 until just before the crossing would have taken place. The pattern illustrated 
by 19.54 is indicative of a strongly avoided crossing. Here there is substantial inter- 
mixing between 1 b 2 and 2 b 2 all along the reaction path. The avoided crossing for 
Pd(CH 3 ) 2 in Figure 19.6 lies somewhere between these two extremes and is com- 
plicated by the intermixing with 3 b 2 . Nonetheless, there is significant 1 b 2 , 2 b 2 
mixing and the phase relationship is given by the major components in both molec- 
ular orbitals-the methyl hybrids in 1 b 2 and metal xz in 2 b 2 . The 2 b 2 MO lies 
above lb 2 , and therefore it mixes into 1 b 2 in a net bonding manner, 19 . 55 . The 
resultant MO, 19 . 56 , contains increased metal xz and decreased methyl character. 
The intermixing continues until 1 b 2 becomes a pure metal xz orbital. The 1 b 2 level 
will also mix into 2 b 2 with the opposite phase relationship to that shown in 19 . 55 . 
Cancellation of metal x and xz character and reinforcement of methyl character 
occurs so that lb 2 becomes o* (neglecting the influence of 3 b 2 ). 

Let us now turn our attention to a couple of more realistic models, 19.57 and 
19 . 58 , where in both cases the metal is d B in the starting complex and L is an 
arbitrary two-electron donor ligand (e.g.,PPh 3 ). Walsh diagrams for these examples 
are displayed in Figure 19.7. On the left side is the case for the trigonal L — MR 2 
species. It is essentially identical to the Pd(CH 3 ) 2 case in Figure 19.6. The extra 
ligand L with its donor orbital of a x symmetry cannot mix into any of the crucial 
b 2 orbitals (notice that 7u\ and 3a t are destabilized slighly by the donor orbital 
of L). The calculated total energy for the reaction is plotted at the bottom left of 
Figure 19.7. The moderate activation energy is clearly due to the rise in energy of 
1 b 2 , counterbalanced by the stabilization in 1 a,. The L 2 MR 2 system is plotted on 
the right side of this figure. First of all, the calculated total energy is much greater 
than that for L— MR 2 . Notice that 1 b 2 rises to a much higher energy in L 2 Pd(CH 3 ) 2 . 
The reason behind this change is that one combination of the ligand lone-pair 
hybrids has b 2 symmetry. It destabilizes 2 b 2 greatly and restores a square planar 
splitting pattern. Therefore, 2 b 2 corresponds now to 2 b lg in Figure 19.4. 19.59 
shows the essential details of the avoided crossing in the L — Pd(CH 3 ) 2 (or 
Pd(CH 3 ) 2 ) model. Raising the energy of 2 b 2 causes the intersection of the dashed 
lines in 19.59 to go up in energy. This is indicated by the arrows. The avoided cross- 



FIGURE 19.7. Walsh diagrams for reductive elimination in a three coordinate L-Pd(CH 3 ) 2 
and L 2 Pd(CH 3 ) 2 complex. For simplicity the L groups were taken to be H' with their valence 
state ionization potentials adjusted to match the lone pair orbital of PH 3 . Here ^ is defined as 
the C-Pd-C angle; this was varied in concert with stretching the Pd-C bonds and rocking the 
methyl groups off from the Pd-C axis, toward each other. Reprinted with permission from 
R. Hoffmann, in Frontiers of Chemistry, K. J. Laidler, editor, Pergamon Press, Oxford (1982). 
pp. 247-263. 
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ing now corresponds to that given in 19.60 and is appropriate for the L 2 Pd(CH 3 ) 2 
reaction on the right side of Figure 19.7. The 1 b 2 level must rise to a higher energy 
before the avoided crossing occurs, and consequently the reaction requires a greater 
activation energy. However, there are two important qualifications that should be 
given for this analysis. First of all, there must be approximately the same intermix- 
ing of 1 b 2 and 2 Z> 2 along the reaction path in the two reactions. Secondly, the 
avoided crossing cannot be of the strongly avoided type since that would predict 
equal activation energies. These conditions are fulfilled in this example. One can 
also think of other complications. For example, the L— Pd— L angle in Figure 19.7 
was kept at 90°. This is unreasonable since the product of the reductive elimination 
for the L 2 Pd(CH 3 ) 2 case is the 14-electron L— Pd— L complex which is expected 
to be linear. Notice that the \b 2 orbital on the product side lies at very high energy 
and this is the reason why the reaction is calculated to be very endothermic. Allow- 
ing the L— Pd— L angle to relax along the reaction path to 180° will stabilize 1 b 2 \ 
it will merge with the block of other d orbitals. This also lowers the activation 
energy; however, it is still computed to be larger than that in the L— Pd(CH 3 ) 2 
system. I7a,b 

The theoretical prediction we have made here is somewhat unusual. What we are 
saying is that reductive elimination from a 16-electron L 2 MR 2 complex, 19.61, to 
the 14-electron L 2 M species is less facile than reductive elimination from a 14- 
electron LMR 2 complex, 19.62 to a 12-electron LM intermediate. Moreover, we 
know something about the geometry and dynamics of 19.62 from Section 18.2. 
Inspection of Figure 18.2 and the discussion around it tells us that a 14-electron 
LMR 2 complex will be stable at a “T” or “Y” structure. A trigonal geometry where 
the L — M — R and R — M — R angles are approximately equal is a high energy point 
on the potential surface. (Although the symmetry of LMR 2 is likely to be lower 
than D 3Ii , the surface will still strongly resemble that in Figure 7.5; references 
17a, b give some practical examples.) The Y structure, 19.63, where the R — M— R 
angle is acute, will serve as the exit geometry for reductive elimination. The path 
from 19.61 to 19.63 has been experimentally demonstrated for Pd(2+) and Au(3+) 
systems. 16 The dissociation of a ligand from 19.61 to 19.62 must be an endothermic 
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L — M — L + R — R 
14 e" 


L— M + R — R 
126 - 


process. Therefore, a delicate balance can exist for reductive elimination from 
19.61 or 19.63, as well. If the avoided crossing between \b 2 and 2 b 2 is made to be 
more strongly avoided (or if ligand dissociation becomes too endothermic), then 
direct reductive elimination from the four-coordinate 19.61 will be more favorable. 
Examples exist primarily for Ni(2+) complexes. 16 One can also see that the elec- 
tronic nature of the auxiliary ligands determines the eventual choice of reaction 
paths. As L becomes a stronger donor, the 2 b 2 orbital is increasingly destabilized 
and reductive elimination is rendered less facile. On the other hand, making the 
alkyl groups better o donors will actually lower the activation energy. This due to 
the fact that the energy of l/; 2 (concentrated on the alkyl lone-pair functions) rises 
when R is a better a donor. Finally, the model that we have presented can easily be 
extended to other systems. In the past sections of this chapter we have highlighted 
the close resemblance between the orbitals of C 2v ML 2 and C 2v ML 4 fragments. 
Our discussion in this chapter could have started from the orbitals of a d 6 L 2 MR 2 
species, 19.64. The orbital pattern and occupation is equivalent to that for the d* 
MR 2 system in Figure 1 9.6. One or two extra ligands could be added and we would 
have come to an equivalent prediction: reductive elimination from the d 6 , 18- 
electron L„MR 2 complex, 19.65, requires a larger activation energy than that for 
the 16-clectron L 3 MR 2 complex, 19.66. 17l> Reductive elimination fora metallacy- 
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clopentane complex forming cyclobutane as opposed to a fragmentation reaction 
which yields a bis-olefin complex 170 (the reverse of the reaction we studied in 
Section 18.2) or oxidative addition 1 7d,h,k present special problems that we will not 
cover. But it should be clear to the reader that a conceptually simple model with 
wide versatility can be constructed for this reaction type. 
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CHAPTER TWENTY 


Complexes of ML3, 
MCp, and Cp2M 


20.1. DERIVATION OF ORBITALS FOR A C 3 „ ML 3 
FRAGMENT 

Following the pattern established in the previous chapters we can construct the 
valence orbitals of a C 3u ML 3 fragment by the removal of three fac ligands in an 
octahedral complex, 20.1-20.2. Three empty hybrid orbitals will then be formed, 
labeled 0, , <j> 2 , and <p 3 in 20.2. These point toward the missing ligands. If the orig- 
inal octahedron was a d 6 , 18-electron complex, then 20.2 will also possess three 



20.1 20.2 


Filled valence orbitals which closely correspond to the t 2g set (Section 15.2) of the 
octahedron. Recall that L is taken to be an arbitrary ligand with only o-donating 
capability, therefore, the t 2g set in 20.1 is rigorously nonbonding. Those three 
orbitals will consequently remain unpertured when the three fac ligands are removed. 
Alternatively one can easily establish that if the three ligands have it acceptor func- 
tions, then the three members of t 2g will rise in energy on going to 20.2 since it 
backbonding is lost. The three localized bond orbitals, illustrated in 20.2, are highly 
directional. They are a convenient set to be used for conformational problems. 
Linear combinations of them form a set of symmetry-correct fragment orbitals. 
This is shown in 20.3. One orbital of a, symmetry and an e set are formed by the 
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linear combinations (see Section 4.3). For Cr(CO) 3 the a, +e triad in 20.3 is empty 
and a set of three orbitals of a, + e symmetry which are analogous to the t 2g set in 
Cr(CO) 6 are filled. In the Fe(CO) 3 fragment there are two more electrons. It be- 
comes problematic whether they are associated with the a, or e orbitals. In other 
words, does the a, level lie energetically above or below the e set? The situation 
is most clearly seen by looking carefully at what happens to the MOs of an octahe- 
dron when three fac ligands are removed. This is done in Figure 20.1 for the genera- 
lized ML 6 to ML 3 conversion. The t 2g and e g sets, displayed on the left side of this 
figure, have a different composition from what we have previously used. This is 
due to a change of coordinate system, shown at the top center of Figure 20.1 . The 
z axis coincides with a threefold rotational axis of the octahedron. The orbitals are 
exactly the same as those derived in Section 15.2; however, their atomic composi- 
tion has changed. The members of t 2g become: 1 


Vf (x 2 - y 2 )-\f\yz 


and the metal component of e g is given by: 

Vl(x 2 - y 2 )+s/Zyz 
V^xy + Vl xz 

The members of the t 2g set that are predominately x 2 - y 2 and xy have some yz 
and xz character, respectively, mixed into them so that they are reoriented to lie 
between the M — L bonds. The e g set is mainly xz and yz. The xy and x 2 - y 2 char- 
acter mixed into them provides maximal antibonding to the ligand lone-pair func- 
tions. The intermixing of atomic functions is due to nothing more than our choice 
of a coordinate system. It is certainly not the normal one for an octahedron; how- 
ever, it is the natural choice for a C 3 „ ML 3 unit. 

When the three fac ligands are removed from ML 5 the t 2g set is unperturbed. 
The z 2 component is labeled 1 a, and the other two are listed as the le set at the 
right of Figure 20.1. The e g set is stabilized considerably on going to ML 3 since 
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FIGURE 20.1. Derivation of the fragment orbitals for a C 3u ML 3 unit from an octahedron. 

one-half of the antibonding from the ligand lone-pair hybrids to metal is lost. Be- 
cause the symmetry of the molecule is lowered from U,, to C' 3 „, some hybridiza- 
tion also comes into play. Metal x and y character mix into what was e g in a way 
that is bonding to the remaining lone-pair functions; see 20.4. Another way to think 



about this hybridization is that reduction of the symmetry allows the higher lying 
2 hu sel ( see figure 15.1) to mix into e g in a bonding way. The resultant orbitals, 
labeled 2e in Figure 20.1 , are hybridized away from the remaining ligands. The a lg 
orbital in ML 6 also loses one-half of its antibonding when the ligands are removed. 
So that orbital, 2 a, in Figure 20.1, is also lowered in energy and considerable metal 
z character mixes into it in a way which is bonding to the lone-pair hybrids on the 
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remaining ligands. The 2a, and 2e molecular orbitals are readily identified as the 
a, +e set in 20.3 which were generated from the bond orbital approach. Notice that 
2d! lies at a higher energy than the 2e combination. A d a Fe(CO) 3 molecule would 
then have two electrons housed in 2e. Another way to rationalize this level ordering 
is to note that the 2a, and 2e orbitals are primarily metal in character. Furthermore, 
the major contribution to the 2e set is metal d while that in 2a, is mainly metal s 
and p. The level ordering is then a natural consequence of the energetics of the con- 
stituent AOs on the metal. 

The intermixing of x 2 - y 2 with yz and xy with xz in the le and 2e sets can be 
derived along other lines. 2 It is also sensitive to the pyramidality of the ML 3 frag- 
ment. That is most apparent by comparing the ML3 orbitals at a L—M—L angle 
of 90° in Figure 20.1 with those for a planar ML, unit where L— M— L = 120° at 
the middle of Figure 18.2. Starting from the planar, D 3h species the a 2 orbital 
evolves into 2a, (Figure 20.1) upon pyramidalization. The perturbation is exactly 
analogous to the AH 3 pyramidalization in Section 9.2B. The a 2 level is stabilized 
and hybridized by the second-order mixing of a higher lying metal s orbital. The a ', , 
z 2 , level is also stabilized on pyramidalization since the ligand lone-pair functions 
move off from the torus, toward the nodal plane of z 2 (see 1.3). At the planar 
geometry the e' set consists of x 2 - y l and xy (see 18.6 and 18.8). The lower 
energy e" set is metal xz and yz. At the pseudo-octahedral geometry the 2e set is 
mainly xz and yz, whereas the lower lying le set consists of primarily x 2 - y 2 and 
xy character. In other words, pyramidalization induces an intermixing of the char- 
acter in the two e sets and an avoided crossing occurs. So the exact composition of 
le and 2e is given only at the planar, D 3h , and pyramidal geometry when L— M— L = 
90°. For the ML 3 complexes that we shall study, the L—M—L angles are close to 
90°, so the level ordering and orbital shape shown on the right side of Figure 20.1 is 
appropriate. 

An example where the ML 3 valence orbitals are utilized is given by cymantrene, 
cyclopentadienyl-Mn(CO) 3 . An orbital interaction diagram is shown in Figure 20.2. 
The complex has been divided into cyclopentadienyl (Cp) anion and Mn(CO) 3 
cation fragments. The a 2 orbital of Cp - and la, and 2a, from Mn(CO) 3 enter into 
a three orbital pattern. The lowest molecular level is primarily a 2 stabilized by la, 
and 2a, . The middle member is mainly la, . Some a 2 character mixes into the 
molecular orbital in an antibonding manner. Furthermore, 2a, mixes into it in 
second order (bonding with respect to a 2 ). It is the second-order mixing that keeps 
la, at moderate energy. The e" set of Cp' is stabilized greatly by 2e on Mn(CO) 3 . 
Finally there is a weak interaction between the le and e 2 levels. That stabilizes the 
le set, but not by much. First of all, the overlap between le and e\ is primarily of 
the 5 type and consequently is much smaller than the predominately tt type between 
e 1 an d 2e or the a type in the la, + 2a, + a 2 combinations. Secondly, there are 
relatively high lying a orbitals on the Cp fragment which overlap with and destabil- 
ize the le set. Therefore, the le and la, based molecular levels are not expected to 
be split apart significantly in energy. The photoelectron spectrum of CpMn(CO) 3 
shows this to be true. 3 Notice that the symmetry of this complex is only C s . 
However, the “apparent” symmetry is higher. This is because the symmetry of Cp' 
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is D sll and Mn(CO) 3 is C 3u . The e sets of Cp find good overlap matches with the e 
sets on Mn(CO) 3 . In actual fact the le set of Mn(CO)J has an overlap with both e," 
and e 2 of Cp . The same is true for the 2e set on Mn(CO)£. But these are technical 
details that we will not pursue here. 

The astute reader will have noticed something very familiar about the orbital 
interaction diagram for CpMn(CO) 3 in Figure 20.2. There are three closely spaced, 
filled orbitals at moderate energies. The two lowest unoccupied orbitals are primarily 
metal 2c antibonding to the e, set on Cp'. Furthermore, 2e is comprised of metal 
d antibonding to the carbonyl donor orbitals (see Figure 20.1). The octahedral 
splitting pattern has been restored! In other words, there is not much difference 
between the interaction diagram in Figure 20.2 and the one for Cr(CO) 3 (also a d 6 
ML 3 fragment) interacting with three carbonyls. The three carbonyl o donor or- 
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bilals form symmetry-adapted linear combinations that are topologically analogous 
to the a 2 + e " set °f Cp". Replacement of a Cp" fragment for three carbonyl ligands 
is a useful concept and is one that we shall extensively develop; however, it is im- 
portant to realize that there are differences between the two fragments. 4 Perhaps 
the most important difference lies in the fact that the three carbonyl ligands are 
excellent 7t acceptors. To be sure, the Cp" ligand does possess the e\ set for metal 
backbonding, but its spatial extent does not allow for maximal overlap with la, 
and le as is present for the 7r* combinations on a fac carbonyl set. This brings up 
a final point about the molecular orbital description of CpMn(CO) 3 . It is obvious 
that there are she bonds to Cr in Cr(CO) 6 or any d 6 ML 6 complex. The delocalized 
molecular orbital picture in Figure 15.1 also shows six filled M — L bonding orbitals. 
In CpMn(CO) 3 there will be three orbitals that are bonding between Mn and CO 
donor functions, not shown in Figure 20.2. There are also three filled molecular or- 
bitals that are bonding between the Cp" 7r set and the Mn(CO)J fragment. There- 
fore, it is conceptually useful to imagine that there are three bonds between Mn 
and Cp unit. The single line between Cp and Mn at the top center of Figure 20.2 
does not imply a bond order of one between the two units. Rather, it indicates de- 
localized bonding between Mn and five carbons. 

Actually the basic orbital pattern for any 18-electron polyene-ML 3 complex will 
be very similar to that found in CpMn(CO) 3 . Figure 20.3 illustrates the situation 
for cyclobutadiene-Fe(CO) 3 . The e g set on cyclobutadiene is stabilized by 2e on 
Fe(CO) 3 . Likewise, the a 2u orbital is stabilized by the la, and 2a i levels on Fe( CO ) 3 . 
Three metal-centered orbitals are left “nonbonding,” Notice that the two fragments 
have been partitioned to both be neutral. The e g set on cyclobutadiene and 2e set 
on Fe(CO,) 3 are each half-filled. It is reasonable to assume that c K lies at a lower 
energy than 2e (recall that the 2c set is carbonyl o-metal d antibonding). There- 
fore, the electron density in the molecular orbitals that result from the union of 
these two fragment orbitals is more concentrated on the cyclobutadiene ligand. 
To take an extreme view one could say that the two electrons in the 2e levels of 
Fe(C.O) 3 are transferred to the e g set located on the cyclobutadiene fragment, making 
it a six-7r-electron aromatic system. That is certainly an overstatement but it does 
point to the fact that electrophilic substitution reactions on the cyclobutadiene ligand 
are very common. 5 Electrophilic substitution on the Cp ligand for CpMn(CO) 3 
is also facile and this reactivity has been used to support the concept of “metallo- 
aromaticity” 6 for CpMn(CO) 3 and cyclobutadiene-Fe(CO) 3 . However, what is not 
clear at the present time is whether an electrophile directly attacks the polyene 
ring or whether attack occurs at the metal with subsequent migration of the elec- 
trophile to the polyene ring. From the interaction diagrams of Figure 20.2 and 20.3 
it is clear that the molecular orbitals involving polyene rr-metal d interactions are 
concentrated on the polyene portion of these molecules. That would favor direct 
attack by an electrophile on the polyene. However, there arc also three occupied 
molecular orbitals in each complex wltich are the remnants of the octahedral t 2g 
set. Since these lie at relatively high energies and are concentrated at the metal, 
they too will overlap effectively and find a good energy match with the LUMO of 
an electrophile. This interaction, of course, leads to attack at the metal. Which re- 







FIGURE 20.3. An orbital interaction diagram for cyclobutadiene-Fe(CO) 3 . 


action path occurs is not clear; furthermore, it will be sensitive to the metal, the 
electronic features of the ligands, and the steric bulk of the electrophile. One can 
also envision reaction paths wherein the electrophile LUMO interacts with a poly- 
ene n-based MO and metal “ t 2g ” MO simultaneously (an analogous situation was 
found for protonation of H a O in Section 7.5B). In other words, the electrophile 
directly attacks the polyene ring from the same side as the metal is coordinated. 


20.2. THE CpM FRAGMENT ORBITALS 

Suppose the three carbonyl ligands are removed from CpMn(CO) 3 ; this generates 
the CpMn fragment, 20.5. Three empty hybrid orbitals are produced which point 
toward the missing carbonyls. This is exactly the same pattern produced by the 
removal of three fac carbonyls from Cr(CO) 6 , see 20.2. In other words, the CpMn 
fragment is expected to be very similar to Cr(CO) 3 . That result should not be too 
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surprising. In the previous section it was shown how a Cp" ligand is topologically 
equivalent to three fac carbonyls. Therefore, replacing the carbonyls with Cp" in 
Cr(CO) 3 generates CpCr" which is isoelectronic to CpMn. The orbitals of an arbitrary 
CpM fragment are constructed in Figure 20.4 by interacting a Cp" ligand with an M 
atom. The symmetry labels used for the orbitals of Cp" and M correspond to the 
C Sv symmetry of CpM. The lowest 7r level of Cp", a, , is stabilized by metal s and z 
(see coordinate system at the top of this figure). The e, set on Cp" is stabilized 
primarily by metal xz and yz and to a lesser extent (because of the larger energy 



FIGURE 20.4. An orbital interaction diagram for the MCp fragment, which shows the orbital 
occupancy for the d 0 case. 
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gap) by metal x and j>. Therefore, a total of the three Cp-metal bonding orbitals are 
occupied for any CpM fragment. There are also three metal-centered orbitals at 
moderate energy. The x 2 - y 2 and xy levels are stabilized to a small extent by the 
e 2 set on Cp". The 8 overlap and large energy gap make this interaction relatively 
weak. Although the a, w level of Cp" and z 2 have the same symmetry, they overlap 
with each other to a minor extent. The a, v level lies approximately on the nodal 
plane ofz 2 (see 1.3 for the nodal properties of z 2 ). Consequently z 2 is left nonbond- 
ing. Metal xz and yz are significantly destabilized by the Cp" e , set. However, metal 
x and y mix into the molecular orbital labeled e, in Figure 20.4 bonding to the Cp 
<?i set in second order. This shown in 20.6. This second-order mixing keeps 
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molecular e, at moderate energy and hybridizes the metal-centered orbitals away 
from the Cp ligand. Inspection of Figure 20.4 shows another molecular orbital, 
labeled 2<7, , at moderate energy. It is the middle member of the metal s, z, and Cp 
a, union. It arises via a first-order orbital mixing between metal s and the Cp a, 
orbital (antibonding) with a second-order mixing of metal z (bonding between 
metal and Cp) as in 20.7. Molecular 2 a, is again hybridized out, away from the Cp 








ligand. Not shown in Figure 20.4 are three levels primarily of metal x, y, and z 
character antibonding to Cp, a, + e, , and the Cp-based <? 2 set which are destabilized 
by x 2 - y 2 and xy. 

The valence levels of a CpM fragment are then e 2 + la, + e, + 2a, in Figure 
20.4. A d 6 CpM fragment (like CpMn) will have e 2 + la, filled. The e, + 2a, set of 
three levels are empty and because of their hybridization (see 20.6 and 20.7) will 
form the strongest interactions with extra ligands. 

The reader should carefully compare these valence orbitals with those of a ML 3 
fragment in Figure 20.1. The ML 3 fragment has the same three below, three above 
level pattern and almost identical atomic composition at the metal. In the CpM 
fragment it is clear that the e 2 set is of 5 symmetry and e, is of n symmetry. 
However, \e in ML 3 is primarily 6 with some n character and 2e is mainly 7r with 
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some 5 character. The e sets in ML 3 are tilted off from the xz plane whereas the e 
sets in MCp are not. The tilting in ML 3 comes about because of its octahedral 
parentage. The three a donor orbitals of the L groups are highly localized and are 
situated at three corners of an octahedron. On the other hand, the three donor 
orbitals of Cp' are delocalized, of course, over the entire Cp ring and have a cylin- 
drical symmetry. Therefore, metal 6 and 7 r functions remain distinct. In most cases 
it makes no difference whether the e sets in ML 3 and MCp are tilted or not, thus 
for the same electron count the fragments can be interchanged. This is a critical 
factor, however, in polyene-ML 3 and polyene-MCp rotational barriers . 7 When a 
polyene possesses a threefold localization of 7 r donor orbitals, then the interaction 
with the 2e acceptor set in ML 3 will be maximized in one conformation. Examples 
of polyenes where this is found are given by hexa-alkylborazines, 20.8 (see Section 
12.4) and the trimethylenemethane dianion, 20.9. Therefore, a Cr(CO ) 3 complex 
of 20.8 and Fe(CO) 3 + complex of 20.9 have substantial rotational barriers . 7 
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The advantage in knowing the form of the valence orbitals in ML 3 and MCp 
fragments can be illustrated for triple-decker sandwiches, 20.10. Based on our pre- 
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vious experience we expect that a stable metal configuration will be one where six 
electrons occupy the “? 2 g .-like” set. The ligands in 20.10 will present a total of 18 
electrons to the metals, thus an electron count of 30 is anticipated to be a stable 
one. This is true, but complexes with up to four more electrons also exist. It is 
easy to see how this comes about . 8 An orbital interaction diagram for the Cp 3 M 2 
example is given in Figure 20.5. In-phase and out-of-phase combinations of the 
valence orbitals for a CpM dimer are indicated on the left side of the figure. They 
are not split apart much in energy because of the large distance between the metal 
atoms. So there is a nest of six levels at low energy which correspond to the la, + 
e 2 set in MCp. At higher energy are the combinations derived from the 2a, +ej 
set. On the right side of this figure are shown the three donor orbitals of the middle 
Cp' unit. They find good overlap matches with the a\ and e" fragment orbitals 
that are drawn for the CpM dimer. The six metal-centered orbitals of the Cp 2 M 2 
fragment, a\ + <? 2 + e 2 + a 2 , are left nonbonding along with the in-phase combina- 



FIGURE 20.5. An orbital interaction diagram for a triple decker sandwich complex in D sl , 
symmetry. 


tion of the CpM e, set which has e[ symmetry. Figure 20.5 shows the occupancy 
for a 30-electron case (remember that there are six occupied levels not shown in 
this figure which are Cp— M bonding for the end Cp units). Notice that the Cp 2 M 2 
e[ set lies at moderate energy and is well separated from the antibonding combina- 
tion of Cp 2 M 2 e" and the e" set from the central Cp' ligand. Threfore, complexes 
with four more electrons are also stable; Cp 3 Ni 2 is one such example . 9 One might 
naively think that since there are formally 17 electrons associated with each metal 
atom in the 34-electron systems, then there ought to be a direct metal-metal single 
bond. However, the distance between the nickel atoms in Cp 3 NiJ is 3.58 A, 10 which 
is far too long to permit any substantial metal-metal interaction. Likewise, in the 
30-electron case, it is clear that there can be no metal-metal triple bond (see Figure 
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20.5). The middle Cp - ligand effectively couples the electrons between the two 
CpM units. In other words, there is a strong through-bond rather than through- 
space interaction. The 18-electron rule obviously cannot be used for these situa- 
tions. An MO-based, delocalized description like that presented in Figure 20.5 must 
be utilized. 


20.3. Cp 2 M AND METALLOCENES 

We have previously discussed how a fac L 3 set in an octahedrally based complex is 
equivalent to a Cp' ligand. Thus, the level splitting pattern for Cr(CO) 6 , 20.11, 
(see Figure 15.1) is very similar to that in CpMn(CO) 3 , 20.12 (see Figure 20.2). 
One can quibble about minor (although chemically important) differences, for ex- 
ample, the fac carbonyl set is a better it acceptor which stabilizes the metal t 2g 
levels more than the e 2 acceptor set does in Cp - . However, the basic three below two 
level pattern for the valence, metal-centered orbitals and their nodal structure oc- 
curs in both compounds. Replacing the tnree carbonyls in 20.12 with Cp - yields 
Cp 2 Mn" which is isoelectronic with ferrocence, 20.13. The six (localized) Cr— CO 
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bonds in Cr(CO) 6 are obvious. There should also be six Fe— C bonds in ferrocene. 
That is difficult to see in a localized sense. Figure 20.6 shows an orbital interaction 
diagram for ferrocene at a staggered (the Cp rings are staggered with respect to each 
other), D sd , geometry. The molecule has been partitioned into Fe 2t and Cp 2 ~ units. 
A short-hand notation has been used for the orbitals of the Cp - dimer on the left 
side of this figure which emphasizes the nodal characteristics and phase relation- 
ships to the metal atom, as illustrated for a couple of examples in 20.14. The Cp 2- 



20.14 

levels of a lg and a 2u symmetry are stabilized by metal s and z, respectively. Likewise 
the Cp 7 r sets, e Ul and e Xg are stabilized by metal x,y, and xz,yz, respectively. We 
have just described six occupied MOs which are bonding between Fe and the Cp 
rings. These are the six bonds that are analogous to the Cr— CO bonds in Cr(CO) 6 
of 1 a Xg , 1 t Xu , and le g symmetry (see Figure 15.1). At moderate energy are the 
molecular orbitals labeled e 2g and a lg . They are basically the nonbonding x 2 - y 2 , 


Cp 2 M AND METALLOCENES 393 



FIGU RE 20.6. Construction of the molecular orbitals of ferrocene. 


xy, and z 2 set. Finally at higher energy is the molecular e lg level. This is the anti- 
bonding combination of metal *z and yz with the e Xg set of Cp? - . Notice that the 
octahedral splitting pattern of three below two has again been established. 

Ferrocene, an 18-electron complex, has the bottom nine MOs filled through a Xg . 
Actually Cp 2 V with 15 and Cp 2 Cr with 16 electrons also exist. They have three 
and four electrons, respectively in the a Xg + e 2g manifold. Cp 2 Co with 19 electrons 
and Cp 2 Ni with 20 electrons have also been prepared. For Cp 2 Ni the extra two 
electrons must be placed in the molecular e Xg levels. Therefore, the molecule has 
triplet ground state. The molecular e Xg set (see Figure 20.6) is antibonding between 
the Cp rings and Fe. Therefore, occupation of e Xg will cause the metal-carbon bond 
distance to increase; for example, the Fe— C distance in Cp 2 Fe is 2.05 A 11 while 
that in Cp 2 Ni is 2.19 A. 12 In Cp 2 Co and Cp 2 V-Cp 2 Mn there is also the possibil- 
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ity of Jahn-Teller distortions. The distortion here is one where the Cp rings buckle 
and the metal may be shifted away from a perfect r? s coordination. Experimental 
and theoretical work on this topic has been carried out by Ammeter and coworkers. 13 
Interaction diagrams for bis(benzene)Cr or any other metallocene could also be 
constructed. They show very similar splitting patterns. The photoelectron spectra 14 
for a wide variety of metallocenes including the Cp 2 V— Cp 2 Ni series have been 
analyzed with some care and confirm this expectation. 


20.4. Cp 2 ML„ COMPLEXES 

The last mononuclear transition metal fragment that we shall study in some depth 
is bent Cp 2 M. There exists a vast body of chemical information on Cp 2 ML„ com- 
plexes where n = 1-3 and M is an early transition metal atom (e.g., Ti, V. Zr, Hf, 
Mo, etc). There have been many theoretical treatments of these molecules; 1 5 the 
one we shall follow was given by Lauhcr and Hoffmann. 16 These Cp 2 ML„ com- 
plexes are unique for several reasons; the L„ groups are forced to lie in a common 
plane, see 20.15 for one example. There are obvious steric requirements; in 20.15 
the H— Nb— H angle is only 61°. 17 Cp 2 ZrCl 2 , 20.16, is illustrative of another corn- 
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moil problem it is a 16-electron complex and yet is even air stable! A 16-electron 
count at the metal is perhaps more common for these compounds than the 18- 
electron one. Finally, allowing for the fact that each Cp' ligand forms three bonds 
to the metal, 20.15 and 20.16 are then 9 and 8 coordinate, respectively. These are 
high coordination numbers for a nonlanthanide metal; coordination numbers of 
4-6 are far more common. 

In 20.1 5 and 20.16 the Cp rings are bent back from the parallel geometry treated 
for metallocenes in the previous section. This is a pervasive feature for Cp 2 ML„ 
complexes. It is easiest to derive the fragment orbitals of a bent Cp 2 M unit from 
the parallel geometry. The molecular orbitals of the metallocene that we shall study 
are the e 2g and a, g orbitals of Figure 20.6. The other orbitals are either Cp centered 
or lie at too high an energy (for example the molecular e, g set in Figure 20.6). The 
three initial levels of a parallel Cp 2 M system are shown on the left side of Figure 
20.7. It does not matter whether the geometry of the Cp rings is staggered or 
eclipsed. For convenience the orbitals are labeled in C 2v symmetry when the Cp 
rings are bent back as if we had utilized an eclipsed geometry. Bending back the Cp 
rings splits the e 2g set into orbitals of a, and b 2 symmetry. The b 2 orbital rises 
in energy as the Cp rings are bent back. It loses some of the bonding to the Cp n* 
orbitals and repulsive interactions with Cp o levels are turned on. The same would 





FIGURE 20.7. A Walsh diagram for bending back the Cp rings in the Cp 2 M fragment. 


happen to the other component of e 2g which is labeled 1 a, in Figure 20.7. How- 
ever. it mixes with what was a, g , now labeled 2 a, . This mixing between 1 a, and 2a, 
is shown on the right side of the figure and it serves to keep 1 a, at constant energy. 
The 2a, orbital, however, rises rapidly in energy. This is partly due to the avoided 
crossing with 1 a, and the fact that the a, g combination of Cp rr levels (see Figure 
20.6) has a greater overlap with metal z 2 at a bent geometry. Some metal s character 
and x 2 - y 2 from \a, mix into 2a, so that the torus of z 2 becomes hybridized 
away from the Cp ligands. As mentioned previously the L groups in Cp 2 ML„ com- 
plexes lie in the yz plane (for the coordinate system see Figure 20.7). A convenient 
view of these orbitals in the yz plane that we shall utilize for the remaining discus- 
sion is given in 20.17. The reader should recall that the levels in 20.17 arc derived 
horn the / 2? -like set of a metallocene. They now have been split apart in energy 
and are somewhat hybridized in the direction of the L„ set. 
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In Cp 2 NbH 3 , 20.15 the metal is formally d° . Therefore, la, , b 2 , and 2a, are 
empty. Hie three hydride ligands form symmetry-adapted combinations shown in 
20.18-20.20. They nicely match the nodal properties of 20.17: la, with 20.20, b 2 
with 20.19, and 2 a, with 20.1 8. So all three donor functions are stabilized, yielding 

a stable d° complex with an 18-electron count. 
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Construction of the molecular orbitals for a Cp 2 ML 2 complex yieldsan analogous 
pattern with one important difference. The ligand set brings with it donor functions 
of a, and b 2 symmetry, as shown at the right side of 20.21. The b 2 ligand orbital 



finds an excellent match with b 2 on Cp 2 M. The n, donor orbital has maximum 
overlap with the 2 n, fragment orbital. The lone-pair functions lie almost on the 
nodal planes of la, and so the resultant overlap is small. The Cp 2 M In, orbital 
remains nonbonding at moderate energy. It is well separated from the destabilized 
b 2 and 2a, levels and, therefore, an 18-electron complex like Cp 2 MoCl 2 is stable 
where la, is filled. Notice also in 20.21 that la, is well separated from the two 
M— L bonding orbitals. A 16-electron complex with la, empty is then also a stable 
complex, an example being Cp 2 ZrCl 2 . 

There are important reactivity differences between Cp 2 ML 2 systems, depending 
upon whether the la, orbital is filled or not. Consider reductive elimination in a 
dialkyl substituted complex. In 20.22 the orbitals of a d° Cp 2 MR 2 complex are 
listed. A correlation is drawn for reductive elimination to a d 2 Cp 2 M complex along 
with the a and a* levels of an alkane in 20.23 where a least-motion pathway that 
conserves C 2v symmetry is followed. The reaction is symmetry forbidden, a non- 
least-motion pathway must be followed, not unlike reductive elimination from an 
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alkane to give a carbene and H 2 , for example. The symmetry prohibition would be 
removed starting from an 18-electron, d 2 Cp 2 MR 2 complex where In, is filled. 
However, notice that reductive elimination may still be energetically unfavorable 
since one M— R bonding orbital (b 2 ) must rise to high energy ultimately becoming 
the b 2 orbital of Cp 2 M. There is a further complication, namely that there is no 
reason for the Cp 2 M product to remain bent. A state correlation diagram which in- 
corporates this feature has been developed 18 and the important conclusion is that 
reductive elimination from 18-electron complexes should actually be photochem- 
lcally initiated. The reverse path, insertion of d* Cp 2 M into a C— C (or C— H) bond, 
is expected to be more favorable and there is some evidence for this reaction. 19 The 
reader should refer back to Section 19.5 and compare the situation for reductive 
elimination there with the correlation in 20.22-20.23. There are many differences 
because the ligand set has changed. 

There are interesting rr-bonding effects in Cp 2 ML„ complexes. Consider a 
Cp 2 M(CH 2 )L complex. The carbene may be oriented as given by 20.24 or 20.25. 
There are greater steric problems with 20.24; the hydrogens on the carbenes are 
quite close to the Cp rings. Yet 20.24 is more stable than 20.25 and rotational bar- 
riers about the metal-carbene bond in the range of 1 5 to greater than 20 kcal/mol 
have been observed. 20 The electronic structure for the a component in this molecule 
will correspond to that found for Cp 2 ML 2 in 20.21. 16 In structure 20.24 the car- 
bene p orbital may also interact with In, as shown by 20.26. 21 In 20.25 no such in- 
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20.24 20.25 20.26 


teraction exists with the valence orbitals. Consequently a d 2 complex where la, is 
filled (and the carbene p orbital is formally empty) will provide a maximum stabil- 
izing interaction at the geometry given by 20.24. This is indeed the electron count 
where carbene complexes of this type have been prepared. 

We saw in Section 15.3 that the orbitals of CH 2 were topologically like those in 
ethylene. Each has a donor orbital of a, symmetry and a low-lying acceptor orbital. 
The electronic structure of an (alkyl) (olefin)MCp 2 complex is then similar to the 
Cp 2 M (carbene) ones which we have just treated. 20.27 shows the la, - rr 1 inter- 
action which is analogous to the rr interaction in 20.26 for the carbene case. A key 
intermediate for olefin polymerization using Ziegler-Natta catalysts are these (alkyl) 
(olefin)MCp 2 species, 22 20.28. The alkyl group inserts into the metal olefin bond 
yielding 20.29 which picks up another olefin, and so on. The olefin 7r and alkyl 
lone-pair orbitals present two donor functions to the metal. A pattern like that in 
20.21 is again found except for the stabilization of Iff, by olefin 7r* (20.27). On 
going from 20.28 to 20.29 the two donor-based orbitals smoothly transform 16 into 
M— C and R— C bonds. However, in 20.29, the Iff, orbital is no longer stabilized 
by the olefin rr* level and it along with the 2(7, orbital of Cp 2 M overlap consider- 
ably with the lone-pair orbital of the newly formed alkyl group. The 1(7, level will 
be destabilized and lie at a much higher energy than it did in 20.28. Consequently 
an efficient catalyst will be one with lrr, empty a d° , 16-electron system. 



20.27 20.28 20.29 


The oxidative coupling reaction. 20.30-20.31, offers an interesting contrast to 
the (olefin) 2 Fe(CO) 3 rearrangement in Section 18.3. Both reactions involve 18- 
electron bis-olefin complexes rearranging to 16-clectron mctallacyclopentanes. The 
Fe(CO) 3 case was shown to be symmetry forbidden. The orbitals of 20.31 arc going 
to be very similar to those for Cp 2 ML 2 in 20.21. This is a d° complex, so 1(7, is 
empty. The orbitals of 20.30 are constructed in Figure 20.8. 16 In-phase and out-of- 
phase combinations of the ethylene it and n* orbitals are of a, and l> 2 symmetry. 
The ( 7 , and b 2 combinations of the ethylene rr set are stabilized by the Cp 2 M 2(7, 
and b 2 fragment orbitals, respectively. The resultant molecular orbitals are shown 
in 20.32 and 20.33. The la, Cp 2 M level is especially stabilized by the a, combina- 


> 

Cp 2 Ti 

V 

20.30 20.31 



tion ot ethylene rr*, as shown in 20.34. As the two olefins arc coupled a new C — C 
bond is formed. In other words, 20.32, which is concentrated on the two olefins, 
is stabilized and will form the C — C a bond in the titanacyclopentane. A partial cor- 
relation for a least-motion pathway that conserves C 2v symmetry is shown in 20.35. 
20.33 and 20.34 smoothly correlate to the Ti— C a orbitals of b 2 and a, symmetry, 
respectively. Therefore, the reaction is symmetry allowed. For the same electron 
count in the reactant and product we saw in Section 18.3 that a C 2v Fe(CO) 3 com- 
plex gave a symmetry-forbidden reaction. The electronic details of a reaction are 
strongly influenced by the number and geometrical disposition of the auxiliary 
ligands. The transition metal cannot be viewed simply as an electronic black-box 
that supplies and accepts electrons from the organic portion of the molecule. Un- 
fortunately this attitude has been taken too many times in the past. One must not 
forget that the remaining ligands, be they multidentate like Cp or of the a donor 
type like CO or phosphines, tailor the metal orbitals to specific shapes and energy 
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FIGURE 20.8. An interaction diagram for bis(ethylene)Cp 2 Ti. 


patterns. Even with this provision there are a tremendous number of analogies 
that can be used to simplify reactivity problems. A very important one that links 
organic, organometallic, inorganic, and main group chemistry is the subject of the 
next chapter. 
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CHAPTER TWENTY-ONE 


The Isolobal Analogy 


21.1. INTRODUCTION 

In the preceding four chapters we have developed a catalog of orbitals for various 
ML,, fragments. A recurring theme among what seems to be a myriad of fragment 
orbitals is the existence of relationships between them. These have paired the va- 
lence orbitals of a C 4 „ ML S fragment with those of C 2v ML 3 , the C 2V ML 4 orbitals 
with those of C 2v ML 2 , and the levels of C 3V ML 3 with those of MCp. The first two 
relationships come from the correspondence between the octahedral and square 
planar splitting patterns (Section 16.2). The third is a consequence of the fact that 
Cp' presents three donor orbitals to the metal that are topologically equivalent to a 
fac L 3 donor set. There exist many more which we will develop in a generalized 
way in this chapter. This relationship is called the isolobal analogy. 1 Two fragments 
(or molecules) are said to be isolobal if the number, symmetry properties, occupa- 
tion by electrons, and approximate energy of their frontier orbitals are similar. 
What makes this relationship so useful is that it relates the orbitals of inorganic/ 
organometallic fragments to those in the organic/main group areas, namely the AH„ 
fragment orbitals that were developed in Chapters 7 and 9 to those of ML,,. The 
isolobal relationship is symbolized by a double-headed arrow with a tear-drop, as 
shown in 21.1. 

n 0 " 

21 .1 

The utility of the isolobal analogy is that if a ML„ fragment is isolobal with a 
particular AH„ arrangement, then one should be able to replace the ML„ fragment 
in a molecule with a AH„ unit to produce a new compound (on paper at least). The 
two molecules should have a very similar electronic description and in a very qual- 
itative sense have similar reactivity. The isolobal analogy is, therefore, a useful 


GENERATION OF ISOLOBAL FRAGMENTS 

codifier of electronic, structural, and reactivity data, as well as a tool for predicting 
new compounds and reactions. The idea had its origins in Halpern’s perceptive com- 
ments 2 about the similarities that exist between several organic and transition metal 
intermediates. The structural and stability patterns in boranes and transitional 
metal clusters developed by Wade 3 and Mingos 4 also played a role. But it was 
Hoffmann 1 who showed the full utility of the isolobal analogy and extended it 
greatly. 

21.2. GENERATION OF ISOLOBAL FRAGMENTS 

The easiest way to see how particular fragments are isolobal is illustrated in Scheme 
21.1 . The archtypical molecule of organic chemistry is methane, 21.2. Breaking one 
C— -H bond in a homolytic sense generates the methyl radical, 21.3. It has one 
frontier orbital pointed in the direction of the missing hydrogen atom with one 
electron in it (Section 9.2). Removing another hydrogen atom creates methylene, 
21 .4. There are now two hybrid orbitals which in a localized sense point toward the 
two missing hydrogens (Section 7.5A). Removing still another hydrogen generates 
a methine fragment, 21.5. It has three frontier orbitals (Section 9.1) with three 
electrons partitioned between them in someway. 21.3-21.5 are representative of the 
three fragments (AH 3 , AH 2 , AH where A is a main group element) used through all 
of organic or main group chemistry with the exception of electron-rich, hypervalent 
molecules. Another starting point is CrL 6 , 21.6. The use of Cr here is totally arbi- 
trary. What is important is that we have started with a d 6 octahedral complex (con- 
sequently it is a saturated 18-electron complex just as 21.2 is an 8-electron com- 
pound). We now break one Cr— L bond in a homolytic fashion. One electron leaves 
with L and the other remains at Cr. Therefore, a L 5 Cr" fragment is formed and L + 
is lost (recall that L is a neutral two-electron donor). In order to make the number 
of charges manageable, let us move one element to the right in the periodic table; 
neutral MnL s is isoelectronic to CrLs. What is again important here is that 21.7 
is a o' 7 , C 4v ML 5 fragment. It has one hybrid orbital directed toward the missing 
ligand (Section 17.2) with one electron in it. The hybrid orbital is composed of 
mainly metal d with some s and p character mixed into it and is of cij symmetry. 
The frontier orbital of the methyl radical is also of a , symmetry and is hybridized 
away from the remaining hydrogens. It is close to the traditional sp 3 hybrid orbital. 
But what is important is that the single frontier orbital (with one electron in it) for 
both MnL 5 and CH 3 is directed out away from the remaining “ligands” and is of a\ 
symmetry. This means that MnL s and CH 3 are isolobal. So too is Co(CN) 3- , an- 
other d 1 system. We shall shortly explore the consequences of this, but for now we 
note that both CH 3 and several </ 7 ML S molecules have been studied by ESR spec- 
troscopy and have been trapped in low-temperature matrices. 5 They display very 
similar chemistry, namely free radical abstraction reactions and dimerization. 2 Re- 
moving a second ligand from MnL s and moving one element to the right in the 
periodic table generates the C 2V FeL 4 fragment, 21.8. It is isolobal to CH 2 . Remov- 
ing a third ligand generates the C 3 „ CoL 3 fragment which is isolobal to CLI. 
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SCHEME 21.1 



Our other starting point was the 16-electron square planar complex, 21 . 10 . The 
fragments that are generated by the removal of one to three L* units are given by 
21 . 11 - 21 . 13 . They will also find isolobal partners in the CH 3 to CM series. There 
are many other starting points that could be utilized. For example, CpMn(CO) 3 , 
21 . 14 , is an 18-electron complex with an octahedral splitting pattern (Section 
20.1). Sequential removal of the three CO + ligands generates 21 . 15 - 21 . 17 . The 
reader can easily verify that replacement of a fac L 3 donor set by Cp” in 21 . 7 - 21.9 
generates the same fragments. One could just as easily have started from the 18- 
electron benzene- Cr(CO) 3 or cyclobutadiene-Fe(CO) 3 complexes. For now, any 
octahedrally based 1 8-electron or square planar 16-electron complex can be used as 
a starting point to derive fragments. One can also go down the column in the pe- 
riodic table to generate alternative isolobal fragments. Thus, CH 2 is isolobal to 
C 2v Fe(C0) 4 , Ru(CO) 4 , and 0s(C0) 4 . Likewise (CH 3 ) 3 Sn is isolobal to Mn(CO) s , 
Fe(CO)s, or Mo(CO)s. Adjustments in the electron count of the frontier orbitals 
can also be made. For example, CH 3 or BH 3 will have one empty frontier orbital, 
so too will Mn(CO)s, Cr(CO) s , CpMn(CO) 2 , (Ph 3 P) 3 Rh + , and Mn(CO) 4 Cl. Like- 
wise, CH 3 , (CH 3 ) 3 Sr, or NH 3 are isolobal to Mn(CO)J, Fe(CO) s , or Rh(CO)s 
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where all of the metal complexes are C 4t , square pyramidal (not trigonal bipyrami- 
dal) fragments. It is important that when one considers the molecules in Scheme 
21 .1 as compounds in their own right, then there may well be some adjustments in 
the geometry. For example, CH 3 by itself is trigonal while CpMn(CO) 2 is pyramidal 
and CH 3 is pyramidal while CpCo(CO) 2 is trigonal. This was covered in some detail 
in Section 19.4. The ground state for a d 10 ML 2 compound is linear 5 (see Section 
16.3), not bent as shown in 21 . 12 . While a C 4U Fe(CO) s fragment is isolobal to 
CH 3 , its ground state is certainly the D 3ll trigonal bipyramidal geometry. But given 
the geometries of the molecules shown by 21 . 4 , 21 . 8 , 12 . 12 , and 21 . 16 , all have 
singlet and triplet electronic states. The actual geometry of both states and the 
singlet-triplet energy difference in CH 2 has been the subject of a tremendous 
amount of research (Section 8.8); very little is known (experimentally or theoreti- 
cally) about the other members of this series. Moreover one can readily envision 
many other examples which are isolobal to CH 2 . So the isolobal analogy anticipates 
the behavior of those very reactive intermediates. However, our main concern is 
to use the isolobal analogy to generate alternative fragments in molecules. So the 
geometry of the fragment in a molecule, not as an isolated species, is important. 

The usefulness of the isolobal analogy is highlighted when a fragment is replaced 
with its isolobal analog in a molecule. Since CH 3 is isolobal with Mn(CO) 5 , one can 
replace one or both CH 3 groups in ethane to give CH 3 Mn(CO) s and Mn 2 (CO) 10 . 
These are well-known molecules. The electronic description of the three is similar in 
that there is a a bond present between C — C, C — Mn, or Mn — Mn. There are cer- 
tainly other molecular orbitals present, particularly for the transition metal com- 
plexes where the t 2g set at the metals has been ignored. Also notice that an octa- 
hedral splitting pattern is established at each metal center. 

Let us take a closer look at the composition of the frontier orbitals that are dis- 
played in Scheme 21.1. Since CH 2 , Fe(C0) 4 , Ni(PPh 3 ) 2 , and CpCo(CO) are 
isolobal, then each should have two orbitals with the same symmetry properties. 
The localized orbitals in Scheme 21.1 are not necessarily the proper symmetry- 
adapted orbitals that will be most useful for us. Linear combinations of the local- 
ized orbitals, however, can easily be generated. These are shown in 21 . 18 . Each 
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fragment has one orbital of a, and of b 2 symmetry. For Fe(CO) 4 and Ni(PPh 3 ) 2 
we saw that b 2 was lower in energy than the a, orbital (Sections 19.1, 19.3). This is 
a natural consequence of the fact that the b 2 orbital consists primarily of metal d 
character and «i is mainly metal s and p. In CH 2 it is a , that lies lower than b 2 
(Section 7.3). So for a CH 2 fragment we would assign the two electrons to the a, 
orbital. For the three ML„ examples in 21.18, the two electrons would go into the 
b 2 level. That does not make much of a difference in a real molecule. The oc- 
cupation of the fragment orbitals that make up a molecule is arbitrary. It is the 
electron distribution in the final molecule which is important, not the details in 
electron occupancy of these conceptual fragments. For example, consider cy- 
clopropane, 21.19, as being derived from the interaction of ethylene with a CH 2 
fragment. The overall bonding picture that we get should be comparable to that 
derived for any of the molecules in 21.20 where one CH 2 fragment has been 
replaced by an isolobal partner from 21.18. That this is true can be established 
from 21.21. In each instance the b 2 orbital interacts with ethylene v* and an a, 

y-i>< 

21.19 21.20 



21.21 


orbital with ethylene v. Two bonding and two antibonding molecular orbitals are 
formed. Two electrons come from ethylene and two from the CII 2 or ML„ frag- 
ment which just fill the two bonding MOs. We recognize that the structures in 

21.20 are just metallacyclopropane formulations of metal-olefin complexes and 

21.21 is the Dewar-Chatt-Duncanson model of bonding as described more fully in 
Section 19.2 and 19.4. 

We will cover several more complexes that can be traced back to cyclopropane in 
the next section. For now, we note that the isolobal analogy nicely solves con- 
formational issues. Let us rotate the ethylene unit in 21.19 and 21.20 by 90°. The 
ethylene 7r* orbital is now of Z>, symmetry and the b 2 orbital in CI I 2 or ML„ is left 
occupied and nonbonding. Thus, 21.22 and 21.23 are high-energy structures. 21.22 
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21.22 21.23 


contains one square planar carbon and the nonbonding b 2 orbital is readily iden- 
tified with the nonbonding p orbital in square planar CFI 4 (Section 9.4). Of course 
the actual energy difference between 21.19 and 21.22 in cyclopropane will not be 
the same as the rotational barriers in the olefin complexes. The rotational barrier in 
each case depends on the strength of the h 2 + 7r* interaction. As the interaction be- 
comes stronger the barrier becomes larger. 

There are two important caveats that one must keep in mind when using the 
isolobal analogy. A normal operational order consists of replacing a fragment in a 
molecule with an isolobal one. We must be careful to establish the coordination 
mode (or number) at the transition metal because there is not an exact mapping of 
fragments in the isolobal analogy. If we use Fe(CO) s , 21.24, as an 18-electron 
starting point, then one can readily derive the sequence of fragments given by 

21.25 and 21.26. Co(CO) 4 and Ni(CO) 3 are isolobal with CH 3 and CII 2 , respec- 
tively. Suppose however, we started with Ni(CO) 4 , 21.27, another 18-electron 
complex which is tetrahedral. Removal of CO (in a heterolytic sense) generates 
Ni(CO) 3 . 21.28, which is predicted to have one empty frontier orbital and is there- 
fore isolobal to CI1 3 . Now we have a problem-is Ni(CO) 3 isolobal to CH 2 or CH 3 ? 
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-- Fe Ni — 
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f) \ \ \ + 
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21.25 21.28 

O . <•> 

21.26 

In fact it is isolobal to both. If we use Ni(CO) 3 to reconstruct a trigonal bipyramid, 
then it is isolobal to CH 2 ; however, if it is used to form a tetrahedral complex then 
it is isolobal to CH 3 . Suppose we remove an equatorial CO ligand from Fe(CO) 5 , 
21.24. That creates a C 2 „ Fe(CO) 4 ligand with one empty hybrid orbital and the 
Fc(CO) 4 group is isolobal to CH 3 . Ethylene-Fe(CO) 4 , 21.29, is then equivalent to 
protonated cyclopropane, 21.30. But we had said that ethylene-Fe(CO) 4 , drawn 
in the metallacyclopropane form in 21.20, was equivalent to cyclopropane! The 
metallacyclopropane drawing emphasizes octahedral coordination at iron. The 
OC — Fe — CO angle in the equatorial plane should be ~90°. In molecular orbital 
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terms this means that fl, + 7r and b 2 + ir* interactions are both strong and of com- 
parable magnitudes (i.e., there is substantial delocalization between the fragment 
orbitals in each bonding molecular orbital). Using the olefin-metal formulation 
in 21.29 emphasizes trigonal bipyramidal coordination at iron. The equatorial 
OC — Fe — CO angle then should be ~120°. The important interaction here in 
molecular orbital terms is that between the empty a, orbital on Fe(CO) 4 and the 
filled tt orbital of ethylene. The b 2 + interaction is neglected (or treated to be 
of minor importance). In this context it is useful to rewrite protonated cyclopro- 
pane as in 21 .31 which emphasizes the principal mode of bonding, donation of elec- 
tron density from the filled n orbital of ethylene to the empty hybrid orbital of 
CHS. This is the essence of the bonding model we developed for the bridged geom- 
etry in the ethyl cation (Section 10.5) which came about in a totally different way! 
In actual fact the OC — Fe — CO angles in olefin- Fe(CO) 4 complexes 6 are normally 
~1 10° which is intermediate between two extremes that have been presented here. 
So the inexact mapping of isolobal fragments, while it is complicating, nonetheless 
gives us different perspectives about the bonding in molecules that we may well 
have overlooked. 

21.29 21.30 21.31 


The most common ligand in transition metal chemistry is CO. It has a high lying, 
nicely directional a donor orbital and a pair of low lying acceptor levels. These are 
ideal components for a strong metal-carbon bond. CO also brings a real problem to 
the organometallic chemist, namely, it is one of the few ligands which can either 
bridge two or three metal centers or bond terminally to one transition metal. More 
importantly pairwise bridging-terminal CO exchange is a very common feature in 
transition metal dimers and clusters and there is often little energy difference be- 
tween the two structural possibilities. This creates a second caveat when using the 
isolobal analogy. A pertinent example is offered by ethane. We have previously 
established that CH 3 is isolobal to Mn(CO)s and, therefore, ethane, 21.32, is equiv- 
alent to Mn 2 (CO) 10 , 21.33. But CpFc(CO) 2 (21.15 in Scheme 21.1) is also isolobal 
to CH 3 . There should also be a Cp 2 Fe 2 (CO) 4 complex with a structure like 21.34. 
Such a compound does exist but it is not the ground-state structure. The bridged 
form, 21 .35, is more stable than 21 .34 and there is a facile equilibrium between the 
two. 7 That certainly does not happen in ethane (Section 10.2). Bridging hydrogens 
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and alkyl groups are found in carbonium ion and borane chemistry where the 
molecules are electron deficient, but not for saturated compounds. In a very quali- 
tative sense the valence orbital structure for 21.34 and 21.35 are similar. It is the 
metal t 2g and carbonyl n* orbitals that are most perturbed as the carbonyls bridge. 
The organic/main group analogs, of course, do not have this set of “lone-pair” 
orbitals at the central atom. Remember that the metal t 2g set is neglected (for now) 
when using the isolobal analogy, therefore, 21.35 is regarded as being electronically 
equivalent to 21.34. With these two qualifications in mind we turn to examples 
where the isolobal analogy can be used. 


21.3. ILLUSTRATIONS OF THE ISOLOBAL ANALOGY 

We replaced one CH 2 in cyclopropane, 21 .19, with an isolobal Fe(CO) 4 , Ni(PPh 3 ) 2 , 
and CpCo(CO) group to generate the metal-olefin complexes given by 21.20. Re- 
placing two or all three CH 2 groups by the isolobal Fe(CO) 4 or CpRh(CO) frag- 
ments generates the set of compounds shown in 21.36, all of which are known. 



Notice that the structure of Fe 3 (CO)i 2 contains a pair of bridging carbonyls. 8 
However, in the isoeleetronic Ru 3 (CO) )2 and Os 3 (CO), 2 all carbonyls are ter- 
minal. 9 Again this implies a very small energy difference. The structure shown for 
Cp 3 Rh 3 (CO) 3 is one of several possibilities 10 that pass through an all-terminal 
CO structure. Mixed structures such as 21.37 11 and 21.38 12 also have been pre- 



21.37 


21.38 


pared. The bridging carbonyls in 21.37 actually lean toward the Rh(CO) 2 unit for 
reasons that are covered elsewhere, 10 but the important point is that electronically 
the compounds bear a marked resemblance to cyclopropane. 10 ’ 13 ’ 14 We need not 
stop with cyclopropane, for 21.39 has recently been prepared and structurally 
categorized. 15 0s(C0) 4 is isolobal to CH 2 so 21.39 is immediately recognized as 
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being equivalent to cyclobulanc. Undoubtedly higher homologs will eventually be 
prepared. 

The most simple, stable organic compound containing the CH 2 group is ethyl- 
ene. It is reasonable to expect that the compounds given by 21.40-21.43 can be 
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So far we have concentrated on isolobal analogs of CH 2 . Let us now turn our at- 
tention to other fragments. In Section 17.4 we showed that for the hydrido bridged 
Cr(CO) s dimer, 21.50, a “closed” structure with a Cr— H— Cr angle of less than 
180° should be favored with a very low bending potential. All of the elements of 
an electron deficient, two-electron-three-center bonding pattern are present in 
21.50. Replacing each Cr(CO) s group by the isolobal CHj yields 21.51. A cyclic 
derivative of 21.51 has recently been prepared. 21 Its actual structure is uncertain; 
however, it has been established that the hydrogen atom must be bridged sym- 
metrically between the two carbons. Calculations on 21.51 at various levels 22 have 
found that the most stable structure is highly bent and it perhaps can be regarded as 
a protonated ethane. An isoelectronic compound, 21.52, has been structurally cate- 
gorized in the form of a (Ph 3 P) 2 N + salt. 23 The B— II— B angle was found to be 
136°. There must be a very low bending potential (as is found for the many struc- 
tures of 21.50 and isoelectronic compounds-see Section 17.4) since 21.53 is Un- 


made. Derivatives of 21.40 have been prepared 16 and 21.41 has been isolated in a 
low temperature matrix. 17 Their kinetic stability is certainly limited. A high lying 
7r orbital and low lying v* especially in 21.41-21.43 make these molecules extra- 
ordinarily reactive. It is easy to recognize that the all-terminal form of Fe 3 (CO) )2 
(see 21.36) is just the Fe(CO) 4 complex of 21.41. 21.37 is a d 10 ML 2 complex of 
21.43. The Os 2 (CO) 8 analog of 21.41 appears in 21.44. 18 Replacing (he Os(CO) 4 
groups with isolobal CpRh(CO) and CH 2 units and the central Sn atom with an 
isoelectronic carbon generates 21.45. 19 Both complexes are equivalent to spiro- 
pentane, 21.46. 



21.44 


21.45 


21.46 


A compound containing a C 2u ML 4 complex with two electrons less is shown in 
21. 47. 20 A Cr(CO) 4 fragment is isolobal to CH 2 or BH 2 , so 21.47 is just an analog 
of diborane, 21.48. The orientation of the Cr(CO) 4 group in 21.47 just matches 
that of BH 2 in 21.48 as can be seen by a comparison of the two sets of frontier 
orbitals in 21.18. It is tempting to speculate on the existence of 21.49. 


I I/- \ / + H \ 

'\ /I V'H 0 Vi 

H H H 


21.52 


ear. 24 We suspect that a variety of structures will be found for 21 .52 by varying the 
counter cation which in turn can modify intermolecular packing forces. It would be 
interesting to find conditions to stabilize 21.54. It may well exist in a low tempera- 
ture matrix. 5 Isoelectronic BH 4 complexes are known. 25 There are several more 
complicated examples 26 of two-electron-three-center M — H — C bonding which 
can be traced by the isolobal analogy back to 21.54. Here again the M— II— C angle 
in 21.55 was found to be 11 1°. 27 A (Ph 3 P)Au + fragment can be regarded as being 


Cr — H — C 

'I V 

21.54 


l -;x H \ 

_ Cr —AuPPhj 

✓ | 

21.55 


derived from a linear, 14-electron, d'° ML 2 species. It is then isolobal to CH 3 or 
Cr(CO) 5 so 21.55 can be related to 21.50. CH 3 and (Ph 3 P)Au + each have one 
vacant frontier orbital which also makes them isolobal to H + . In fact, there is a 
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beautiful mapping between the structures of transition metal clusters which contain 
the Au(PR 3 ) unit and those with an H atom. 28 - 29 

Scheme 21.1 snows that a CH fragment is isolobal to Co(CO) 3 ; both have three 
frontier orbitals with three electrons in them (21.5 and 21.9). The entire set of 
compounds given by 21.56-21.60 where CR groups have been sequentially replaced 

r (co ) 3 (C0) 3 



21.56 21.57 21.58 



(CO> 3 Co^— j— ^Co(CO) 3 (C0) 3 Co-|— ^Co(CO) 3 
CO Co 

<CO> 3 (CO) 3 

21.59 21.60 

by Co(CO) 3 units has been prepared. Normally 21.57 is written as a cyclopropenium 
complex, and 21.58 as an acetylene-bridged Co 2 (CO) 6 dimer. It is a straightforward 
matter to take linear combinations of the Co — C o bonds to generate a set of orbit- 
als that are equivalent to those derived from a cyclopropenium or acetylene-metal 
formulation. The structures of 21.60 and Rh 4 (CO)i 2 actually contain three dibridg- 
ing carbonyls 30 and both compounds show very facile CO scrambling. Ir 4 (CO) ]2 
does indeed have the all-terminal structure 31 indicated in 21.60. Notice that the 
acetylene ligand in 21.58 lies perpendicular to the Co — Co vector as it should for a 
metallatetrahedrane derivative. Rotation of the acetylene by 90° gives 21.61 which 
is now isolobal to cyclobutadiene 21.62. The orbital structure of 21.61 contains 



R R R R 


21.61 21.62 

four levels of it symmetry; the two middle ones are nearly degenerate and consti- 
tute the HOMO and LUMO for the molecule. 32 That is exactly the picture one gets 
for 21.62 (see Figure 12.5). Rotation of one “acetylene” unit by 90° in tetra- 
hedrane to give cyclobutadiene is a symmetry-forbidden reaction. The same restric- 
tion applies to the 21.58 to 21.61 conversion. 32 

A fascinating series of organic compounds are produced when the ML 3 unit is 
replaced in polyene-ML 3 complexes with an isolobal analog. Consider butadiene- 
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Fe(CO) 3 , 21.63, as being constructed by the interaction of the four rt electrons in 
the butadiene ligand with an Fe(CO) 3 which is isolobal to CH + . The CH + fragment 
has three frontier orbitals with two electrons, shown in a localized manner by 
21.64. Pairing the electrons to form two C— C a bonds and one C— C it bond 
generates the nonclassical form of the 3-cyclopentenium cation, 21.65. That sort 



21-63 21.64 21.65 21.66 



21.67 21.68 21.69 21.70 


of representation has actually been used for butadiene-Fe(CO) 3 complexes, 33 see 
21.66. One can argue how much the donation from the 7r orbital in 21.65 to the 
empty hybrid orbital is worth, but suppose we start with a relative of 21.63, 
namely cyclobutadiene-Fe(CO) 3 , 21.67. Its isolobal analog is the C S H£ cation, 
21.68. A Mn(CO) 3 group is isolobal to CH 2+ , thus, 21.69 is isolobal to 21.70, the 
Hogeveen-Kwant dication. 34 The electrons in both sets of complexes can be par- 
titioned into a d 6 ML 3 (i.e., Fe(CO) 3 + or Mn(CO) 3 ) or CH 3+ units which interact 
with the cyclobutadiene 2- or Cp~ ligand. The polyene ligands then each have three 
filled 7r orbitals. The frontier orbitals of a d 6 ML 3 and CH 3+ fragment are shown in 
21.71 and 21 .72, respectively. Both fragments contain three empty frontier orbitals 



' 29 ^ 

21.71 21.72 

of a, + e symmetry. They will just match the nodal properties of the three filled 7r 
levels of the two polyenes. The reader should carefully compare the orbital interac- 
tion diagrams in Figure 20.3 for 21.67 with that in Figure 11.6 for 21.68 and Fig- 
ure 20.2 for 21.69 with Figure 1 1.7 for 21.70. The basic ordering of the bonding 
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molecular orbitals is indeed identical going from the organometaUic to the all or- 
ganic complex. Species such as the C s Il£ cation or C 6 Hl* dication are certainly 
unusual and uncomfortable structures for organic chemists. Yet all available experi- 
mental 34 and theoretical 35 evidence suggests that the apical carbon in each is 
symmetrically bonded to the four and five membered ring. Many other all-organic, 
ir-bonded compounds have been proposed. 35 In fact, there is a recent structure of 
a derivative of C 6 H^*, namely 21.73. 36 Deprotonating the apical carbon in 21.70 



21.73 


and replacing it with an isoelectronic Sn atom gives 21.73. The Sn atom lies in the 
center of the pcntamethyl-cyclopcntadicnyl ring and the five central carbon atoms 
in the ring lie in a common plane. The apical CR 2 * unit in 21.70 can also be sub- 
stituted with the isoelectronic P — Me* and Be — Cl groups to form stable compounds 
with a similar structure. 

One needs to be adaptable in viewing the structures of molecules. Normally 
21.74 is considered to be an acetylene coordinated to a trinuclear cluster. 37 There 




R 

Cp 


Fe (CO)j 


21 .74 


are some advantages in adopting this viewpoint but we have drawn the structure in 
a different way. A CpNi fragment is isolobal to CH, so 21.74 is analogous to cyclo- 
butadiene-Fe (CO) 3 or C S HJ. Replacing the “basal” Fe(CO) 3 group for CH* in the 
fcrrole dimer, 21.75, yields CpFe(CO)J, 21.76, which in turn is isolobal to ferro- 
cene, 21.77, when the three carbonyl ligands arc replaced by Cp“. All three com- 
plexes arc stable and well known. But suppose we substitute the “apical” Fe(CO) 3 
fragment in 21.75 by CH + ? That generates 21.78 and further substitution of a Cp' 
ligand gives 21 .79, a nonclassical isomer of ferrocene! No complex of this structure 


^I>e<co) 3 

Fe (CO) j 



21.75 



+ Fe(CO)j 

21.76 



i 

C 

I 


i 

Fa Cp 

21.77 


H 

21 .78 


H 

21.79 
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has yet been prepared; MO calculations 38 indicate a substantial HOMO-LUMO gap 
which implies some kinetic stability. The CH interactions with the ferrole ring are 
very similar in magnitude to those between the FeCp and Cp fragments in ferro- 
cene. Since Fc is quite electropositive in comparison to C, there are two high 
lying Fe— C o levels in the nonclassical isomer, 21.79, which are not matched in 
ferrocene. Consequently 21 .79 is computed to be much less stable than the classical 
structure of ferrocene. Provided that there is a symmetry-allowed pathway from 
21.79 to 21.77 (and there is one), there is probably not much chance of ever ex- 
perimentally observing the nonclassical structure. However, given that there is 
nothing “wrong” with the basic orbital pattern in 21.79, it might be possible to 
devise strategies that will overcome the thermodynamic problem and enable the 
synthesis of a derivative of 21. 79. 38 The important point to recognize here is that 
the isolobal analogy has led us to consider a very unusual structure for a well- 
known compound. Several other examples where a Fe(CO) 3 group in transition 
metal complexes has been replaced by CH* or Bit can be cited 39 which lead to 
unusual structural possibilities. The isolobal analogy does not tell us whether or 
not these structures are stable ones, however. Rearrangement to a lower energy 
structure should always be considered. The isolobal analogy does give us com- 
pounds that have a similar electronic structure in terms of the number, symmetry 
type, and occupation of frontier molecular orbitals. 

In the preceding discussion we have used the isolobal analogy to generate new 
compounds and to provide conceptual links between classes of known molecules. 
It can also be used to provide clues about reaction mechanisms. Two problems are 
briefly outlined here. Circuniambulation or the walk rearrangement is a reaction in 
organic chemistry wherein a CH 2 (or CR 2 ) group migrates around the periphery of 
a polyene ring by a sequence of sigmatropic rearrangements. Three examples are 
shown in the top half of Scheme 21 .2. The reactions given by 21.80 and 21.81 have 
been studied extensively by theoreticians 40 and experimentalists. 41 The 21.82 to 
21.83 circuniambulation is experimentally complicated by an electrocyclic ring- 
opening reaction to 21.84. There are analogous reactions, called ring-whizzing, in 
organometaUic chemistry. Replacing the migrating CH 2 unit in 21.80 by Pt(PR 3 ) 2 
yields an i? 2 -benzene complex, drawn in 21.85 with a metallacyclopropane for- 
mulation. A hexakis(trifluoromethyl) derivative has been prepared and the re- 
arrangement shown in 21.85 is quite facile. 42 Several cyclobutadiene-NiL 2 com- 
plexes have been prepared. 43 Are their ground-state structures 7? 4 (as has been 
formulated 43 ) or are they tj 2 with a very facile rearrangement which is analogous 
to 21.81? Calculations 44 favor the latter proposal although an p 4 intermediate is 
also found on the potential energy surface with an energy not much higher than 
that found for the rj 2 isomer. The rearrangement of 21.87 to 21.88 has been ex- 
perimentally observed 45 where M is Pt, Pd, Ni. The X-ray structures 45 of four 
members in this class of compounds show a progression of geometries from the rj 1 
species, 21.87, to the transition state for the rearrangement. It is therefore possible 
to chart the reaction path experimentally via these structures. There are also good 
indications 46 that 21.87 can undergo ring opening to 21.89. Thus, the reaction 
manifold of <7 10 -cyclopropenium-ML 2 complexes is matched by the isolobal bi- 
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21.84 21.82 21.83 


21.85 pi pi 

l\ '\ 



21.89 21.87 21.88 


cyclobutyl cation. There arc two stereocheniically distinct ways that the walk re- 
arrangement and ring-whizzing process can occur. The ML 2 or CH 2 group can 
rotate with respect to the polyene as it migrates or it can simply slide from one 
“coordination site” to another. In each reaction of Scheme 21.2 there is a direct 
correspondence between the stereochemistry of reaction for the organic systems 
and its isolobal organometallic analog. 44 

21.4. EXTENSIONS 

The compounds that we have discussed in this chapter were either saturated or, at 
most, two electrons short of being saturated. The next chapter treats borane and 
transition metal clusters which are very electron deficient. A tool for comparing 
these compounds and predicting their structures will be described which is related 
to these isolobal ideas. We have also only used the isolobal analogy for transition 
metal complexes with coordination numbers up to six. For coordination numbers 
of 7-9 the members of the t 2g set must be utilized. Reference back to the general- 
ized interaction diagram of Figure 16.2 shows that when n ligand donor levels in- 
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teract with a transition metal, n M — L bonding and n M — L antibonding molecular 
orbitals arc formed. Left behind are 9 - n nonbonding orbitals that are localized on 
the transition metal. Suppose «= 8, then a d 2 complex is of the saturated, 18- 
electron type and one member of what corresponded to the octahedral t 2g set is 
left nonbonding. The other two members of t 2g are used to form interactions with 
the surrounding ligands. Removal of three ligands from this 8-coordinate complex 
generates an ML S fragment with three empty frontier orbitals. Therefore, a d 2 ML S 
fragment is isolobal to CH 3+ . This is shown in 21 .90 where for convenience we have 


d 2 ml 5 ch 3+ 



used an ML 5 fragment of C 4u symmetry (Section 17.2). Compare the relationship 
in 21.90 with that in 21.71 and 21.72. Ad 6 ML 3 fragment is isolobal tod 2 ML S ! 
Again, the isolobal mapping of fragments is not an exact one; many permutations 
are possible and the coordination number at the metal in a compound must be 
established before making isolobal replacements. The reader may object to the fact 
that the metal t 2g set in 21.71 lies at much lower energy than a , + e for CH 3+ . In 
21.90 they are at comparable energies. We are making very qualitative arguments 
here, but this is not so bad of an approximation. A d 2 metal will be one of the far 
left of the periodic table; therefore, it is more electropositive than the d 6 metal in 
a ML 3 fragment. Three carbonyls can be replaced by a Cp" ligand, and so V(CO) 5 
where three electrons are distributed among the d\ + e set in 21.90 is isolobal to 
CpW(CO) 2 and CH. 21. 91 47 can easily be related to the cyclopropene 21.92 by 
using this relationship. The cyclopropenium complex 21. 93 48 is nothing more than 
another tetrahedrane, like 21.57-21.60. There are many more patterns that can be 
established when the restriction of octahedral and square planar coordination is 
removed.' 1 ' 



(C0) 5 W WCpICOL, 


21.91 



HC=CH 

21.92 


R I , 

OC-_Mo-- L ) 

OC^I 

Br 

L L = bipyr 


21.93 


A second extension can be made for boranes and transition metal clusters. 
Bridging hydrogen atoms are often found in both of these species. In general it 




I nc IjwLUDML 


is not very helpful to rearrange them to a terminal geometry, as we did for the 
bridging carbonyl groups. However, it is useful to remove bridging hydrogens as 
protons. That may seem to be unreasonable, but actually bridging hydrogens do 
not change the underlying orbital structure in terms of symmetry. For example, 
the frontier molecular orbitals of diborane, 21.94, were discussed in Section 10.2B. 
Removal of two bridging protons gives B 2 Hi" which is isoelectronic to ethylene, 
21.95. The reader should compare the orbital structure of diborane in 10.9 with 


H—-B — B'' H 




21.94 


21 .95 


ethylene in 10.17. Both have a LUMO of b 2g symmetry and occupied valence or- 
bitals of b^, a g , bj u , and b 2u symmetry. To be sure, there is not an exact match in 
the level ordering of occupied orbitals. For example, the b Ul (it) orbital of ethylene 
is stabilized by the bridging hydrogens in diborane, but we need not worry too 
much about these quantitative details. The n orbitals of B 3 H 7 -, 21.96, resemble 
those for the allyl anion, 21. 97 . 49 Thus, the basic orbital interactions in 21.98 s0 
are similar to those in 21.99. There are some differences, but many similarities in 
the orbital structure of H 3 M 3 (CO) 9 (CR), 21. 100, and Co 3 (CO) 9 (CR), 21.59 . 51 
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21. 100 


Still further connections can be made. Removing one cap from an icosahedral 
molecule gives a cage structure with a pentagonal open face, 21.101. This is the 
structure for C 2 B 9 Hn. Hawthorne 52 first suggested that the C 2 B 9 H 2 7 cage was 
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equivalent to Cp~. In orbital terms, 21 .101 has five frontier orbitals emanating from 
the open face which have the same symmetry and occupation by electrons as the 
7 r orbitals of Cp~. So compounds like (C 2 B 9 H u ) 2 Fe 2_ , C 2 B 9 II, FeCp", and 
C 2 B 9 H, 1 — Mn(CO ) 3 have the basic ferrocene splitting pattern and orbital shapes . S3 
How this comes about or, more precisely, the derivation of the orbital structures of 
large cluster compounds like 21.101 is the topic of the next chapter. 
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CHAPTER TWENTY-TWO 


Cluster Compounds 


22.1. TYPES OF CLUSTER COMPOUNDS 


An important class of compounds is one where the atoms are arranged at the vertices 
of a polyhedron to give a cage or cluster compound. 1 ' 8 In previous chapters we 
have mentioned several species of this type without drawing special attention to 
their cluster nature. The (CH)£ and (CH)2 + species of Section 1 1 .4 are cluster com- 
pounds as is, for example, the molecule of 21.74. In this chapter we will describe in 
a simplistic way the skeletal orbitals of a large class of cage molecules, those based 
on the deltahedra of Figure 22.1 . As a result we will be able to derive a set of elec- 
tron counting rules which enable predictions to be made concerning the geometries 
of such species. 5 

Such cluster compounds divide naturally into four major types, (a) Main group 
compounds (22.1-22.3). These include the boranes, 4 carboranes, and polyhedral 
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FIGURE 22.1. Deltahedra used by cage and cluster molecules. They are the trigonal bipyra- 
mid, the octahedron, the pentagonal bipyramid, the dodecahedron, the tricappcd trigonal 
prism, the bicapped Archimedean antiprism, the octadecahedron, and the icosahedron. 

compounds with other main group atoms, (b) Transition metal cluster compounds 
(22.4, 22.5). 1 These invariably have cyclopentadienyl or carbonyl groups coordi- 
nated to the transition metal. In many of these compounds the carbonyl groups are 
tree to move about the surface of the metal cluster and the crystal structures of 
such species often show bridging CO groups. Similarly there are often low energy 
fluxional pathways associated with movement of hydrogen atoms in boranes and 
carboranes. In many of these transition metal containing examples, hydrogen 
atoms are often associated with the cluster 2 as in 22.6. (c) Metallacarboranes 7 
(22.7-22.9). (d) Compounds that contain a small atom inside the polyhedron (22.1 0). 
Notice that the central carbon in this example is equally bonded to six Ru atoms. 
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22.9 


There are also examples of clusters where a hydrogen atom is bonded to from three 
(as in 22.6) to six metal atoms. In addition the deltahedron may be either complete 
(a doso species) as in 22.1-22.10 or may have one vertex missing (a nido species) 
as in 22.1 1-22.13, two vertices missing (an arachno species) as in 22.14, 22.1 5, or 
perhaps more, in many of these cases the reader may be used to viewing these 
molecules, not as the remnants of a cage, but in a completely different way , perhaps. 
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22.10 



22.11 22.12 22.13 



(CHgCHCHg) Co(CO) 3 B 9 H |5 

22.14 22.15 

22.14 might, for example, be regarded as being constructed from a 7r-allyl fragment 
bound to a transition metal carbonyl unit. 22.9 may also be viewed as an acetylene 
complex. In the previous chapter too we have encouraged the reader to be imagina- 
tive when considering molecular geometry. We will see that viewing these species 
as complete or fragmented deltahedra is a very profitable way to understand their 
structures. 
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22.2. CLUSTER ORBITALS 

One of the features of these molecules is that usually there are fewer electron pairs 
than close contacts (bonds) in the molecule. So the compound 22.1 has 6 B— H 
linkages and 12 B— B linkages requiring a total of 36 electrons if all were two-center- 
two-electron bonds. The molecule has only 26 electrons and because of this, such 
compounds are called electron deficient. This fact should not worry us since many 
of the molecules we have studied in this book are electron deficient when the same 
criterion is used. The list is long but H3, Cp 2 Fe, and many transition metal com- 
pounds are among them. For transition metal cluster compounds the 18-electron 
rule often fails too. Associated with each ruthenium atom in 22.6, for example, 
there are a total of 8 + 6 = 14 electrons from the Ru(CO) 3 fragment plus four more 
if each Ru-Ru linkage is assumed to contribute one electron to each metal atom. 
This makes a total of 18 electrons. However, in generating this figure we have ignored 
the two hydrogen atoms attached to the cluster which will give a total of 1 85 elec- 
trons per atom, in 22.4 similar counting gives 1 85 electrons per metal center too. 

We will derive a very general model for these systems by considering three types 
of orbital at each deltahedral vertex, assembled by considering the one s and three p 
orbitals at each center. Initially then we will focus on the main group examples 
22.1-22.3. There is an orbital 22.16 pointing away from each vertex of the deltahe- 
dron which will be exclusively involved in extradeltahedral bonds, for example, 
the B — H bonds in 22.1. There are two types of orbitals involved in skeletal bond- 
ing, 5 ’ 9-12 a single radial orbital 22.17 which points toward the inside of the cage 
and two tangential orbitals 22.18. The orbital properties of the collection of inward 

X * 

22.16 22.17 

pointing radial orbitals are easy to visualize. We will assemble the nido trigonal bi- 
pyramid (this is just the tetrahedron) and the trigonal bipyramid itself by adding 
one or two capping orbitals to the triangular system. We readily recognize the or- 
bital pattern of the triangular unit as being topologically analogous to the D 3h , 
H 3 system (Section 5.2). The resultant interaction diagram is shown in Figure 22.2. 
The horizontal dashed line indicates the energy of an isolated radial hybrid orbital. 
We have tilted the orbitals comprising the a, combination in the triangle during 
the addition of an extra atom so that they point toward the centroid of the tetrahe- 
dron. The energy changes will then not be exactly as we have shown but the general 
picture is clear enough. The level pattern for the radial orbitals of the tetrahedron 
is identical to that shown for tetrahedral H 4 in 4.27. A strongly bonding combina- 
tion of a, symmetry is formed. The antibonding combination meets the two non- 
bonding orbitals -located on the triangle to form a t 2 set. When two extra atoms are 
added to the trigonal plane (to give the trigonal bipyramid) the orbital combination 
antisymmetric with respect to this plane finds no symmetry match with the plane 
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FIGURE 22.2. Derivation of orbital diagrams, built from the radial orbitals of the fragments, 
for the tetrahedron and the trigonal bipyramid, by capping a trigonal planar unit with one or 
two new fragments, respectively. Notice that the tetrahedron is a nido-trigonal bipyramid. 


orbitals and so remains unchanged in energy. The symmetric combination (a,') en- 
ters into bonding and antibonding combinations with the in-plane orbitals of the 
same symmetry. 

Figure 22.3 shows a similar construction for the closo and nido octahedra start- 
ing with the square. The orbital picture is a very simple one to understand. The im- 
portant result to note, which is easy to understand from these two diagrams, is that 
only one bonding orbital results. All the others are antibonding. For larger poly- 
hedra the result is a little more involved. There is always one deep-lying bonding 
orbital, the in-phase combination of the radial orbitals 22.1 7, but there may also be 
other bonding orbitals at higher energy. 

The tangential orbitals are, in principle, no more complex to build up. Starting 
again with the “arachno trigonal bipyramid and octahedron” we need the tangential 
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FIGURE 22.3. Derivation of orbital diagrams, built from the radial orbitals of the fragments, 
for the square pyramid and the octahedron, by capping a square planar unit with one or two 
new fragments, respectively. 


orbitals of these species. They are of two types (22.19), one set parallel to the four- 
(or three) fold axis of the unit, and the other set perpendicular. The parallel orbitals 
are none other than the cyclic polyene pn orbitals of Section 12.1, and the perpen- 
dicular orbitals of these fragments were derived in Chapter 5. Figure 22.4 shows the 

I 22.19 




II orbitals j_ orbitals 

FIGURE 22.4. The tangential orbitals of the square and triangle. These break down into two 
types. Those parallel (||) and those perpendicular (1) to the figure axis of the molecule. 


parallel and perpendicular sets for the triangle and square. Note the total of six 
bonding or nonbonding orbitals for the square and three bonding orbitals for the 
triangle. 

Figure 22.5 shows the generation of the orbitals of the octahedron and the nido- 
octahcdron (square pyramid). The details of the origin of the new levels are a little 
difficult to follow since the “capping” orbitals may interact with both parallel and 
perpendicular sets of orbitals of the square. In brief, the two pairs of capping orbi- 
tals at the right-hand side of Figure 22.5 interact with the two pairs of doubly de- 
generate plane orbitals to produce a set of four orbitals, two of which are bonding 
and two of which are antibonding. Each pair has the same energy as a nondegenerate 
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FIGURE 22. S. Assembly of the orbitals, derived from the tangential orbitals of the fragments, 
for the square pyramid and octahedron, by capping a square planar unit with one or two new 
fragments, respectively. Only one member of a degenerate orbital set is shown pictorially. 


orbital of the plane. The net result is a total of four triply degenerate sets. For the 
square pyramid the three pairs of degenerate e orbitals (one from the capping atom, 
two from the square) lead to three new orbitals, two of which are bonding and one 
of which is antibonding. 

Figure 22.5 shows that when the square is “capped” from above and from below 
to give the square pyramid and then the octahedron, a total of six low energy tan- 
gential orbitals are always present. (Recall that a total of six low energy orbitals 
of this type are found for the square too.) A similar result is obtained if the alter- 
native arac/mo-octahedral structure 22.20 is included, although this is a more dif- 
ficult result to derive as a result of the lower symmetry of this species. 

The result for the trigonal bipyramid is easier to see (Figure 22.6) since e and e" 
orbital combinations on the capping atoms find symmetry matches with the orbitals 






FIGURE 22.6. Assembly of the orbitals, derived from the tangential orbitals of the fragments, 
for the tetrahedron and trigonal bipyramid, by capping a trigonal planar unit with one or two 
new fragments, respectively. 


22.20 


of the triangle and lead to two pairs of bonding and antibonding orbitals, one of 
each symmetry type. In the tetrahedron, the capping orbitals of e symmetry (in 
C 3v ) mix with the two central atom e pairs to give a bonding, nonbonding, and anti- 
bonding trio. The top and bottom orbitals of the set are degenerate with the a' 2 and 
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a" orbitals of the trigonal plane and triply degenerate f 2 orbitals result. For the tri- 
gonal plane, capping by one or two extra units immediately produces a total of five 
low energy (bonding or nonbonding) tangential orbitals (Figure 22.6). 

A general rule, which we may derive by extrapolation of these results, is that an 
/i-vertex deltahedron has a total of /(-bonding tangential orbitals and one deep lying 
bonding radial orbital, giving n + 1 low energy orbitals in all. 5,8-12 This rule, very 
importantly, also applies to the nido and arachno cages where some of the n atoms 
arc missing. The exception is the tetrahedron itself, whichhas a total of n + 2 skeletal 
pairs. In addition to being a deltahedron (it is the simplest one), it is a nido trigonal 
bipyramid and behaves electronically as such. Our analysis above has attempted to 
show in orbital terms how tins comes about. It is not exact, since orbitals of the 
same symmetry, radial and tangential can, and do mix with each other to change 
the picture a little. In particular, note for the octahedron that the combination of 
capping radial orbitals antisymmetric with respect to the square plane (Figure 22.3) 
will mix with the tangential a 2u orbital (Figure 22.5). Likewise there is some over- 
lap, albeit small, between the tangential capping e u pair and the radial e u set. Similar 
situations exist for the other three clusters. In spite of such mixing we are still left 
with a total of (n + 1) bonding orbitals for the /(-vertex deltahedron. A more general 
group theoretical result, beyond the scope of this book, enables generation of this 
n + 1 rule in a much more elegant and general fashion. 11 ' 12 

22.3. WADE’S RULES 5 

The discussion above led to the conclusion that closo, nido and arachno species 
based on an //-vertex polyhedron required (/z + 1) skeletal electron pairs to fill all 
bonding orbitals and, by implication, lead to electronic stability. The application of 
this simple counting idea to cluster chemistry leads to a set of predictions known as 
Wade’s rules. 5 The molecule 22.1 has a total of 26 electrons (13 pairs). Six pairs are 
used for the six external B— H bonds leaving seven pairs for skeletal bonding-just 
the right number to fill all the bonding orbitals of the octahedron. For the molecule 
22.2 there are a total of 38 valence electrons (= 19 pairs). Nine pairs are involved in 
external B— II bonds and therefore 10 pairs remain for skeletal bonding, again just 
the right number to fill all 10 skeletal bonding orbitals of the tricapped trigonal 
prism. If there are bridging hydrogen atoms in the molecule then it is sufficient to 
regard them theoretically as H + ions coordinated to the heavy atom core. Thus each 
bridging hydrogen atom contributes one electron to the skeletal electron count. For 
a earborane with the general formula [(BH) a (CH) 6 H c j d- containing c bridging 
hydrogen atoms the number of skeletal electron pairs is simply equal to \(2a + 
3b + c + d). Alternatively, we could regard each BH unit as contributing two elec- 
trons to the skeletal electron count and each CH unit as contributing three electrons, 
since an electron pair is absorbed by each BH or CH bond. For molecules containing 
skeletal atoms only, we must be careful to absorb two electrons per atom as lone 
pairs occupying the outward pointing orbital 22.16. So for the closo trigonal bi- 
pyramidal structure of Bi 3+ , each bismuth atom contributes two electrons to a lone- 
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2 [(12 X 2) + 2 1 = 13 skeletal bonding electron pairs as befits the icosahedral geom- 
etry. Molecular orbital ideas using completely delocalized bonding as described 
here led 13 (in 1954) to the prediction of a -2 charge for this species, verified when 
the molecule was synthesized some years later. Table 22.1 lists the number of skeletal 
electrons contributed by each main group unit. It is easy to see how the number of 
skeletal electrons for the A, AH, AX, AL, and AH 2 cluster units arc determined. If 
a vertex is occupied by a single atom A, then two electrons must be placed in the 
exlracyclic bond 22.16. Each unit then uses the one radial and two tangential or- 
bitals (22.17 and 22.18, respectively) for skeletal bonding. If a vertex is occupied 
by an AH or AX unit, then the situation is similar except that only one electron 
needs to be placed in 22.16. For AL (where L is a ligand carrying two electrons, 
such as NII 3 ) then no electrons need to be placed in this orbital. The AH 2 case is 
treated in exactly the same manner. The 2a, orbital (see Figure 7.2) corresponds 
to 22.17. The two tangential orbitals are b, and I b 2 . The latter orbital is also in- 


TABLE 22.1 The Number of Skeletal Electrons 
Contributed by Main Group Cluster Units 


A 

A 

AH, AX“ 

AH 2 , AL* 

Li, Na 

Ml 

0 

1 

Be, Mg, Zn, Cd, Hg 

0 

1 

2 

B, AI, Ga, In, T1 

1 

2 

3 

C, Si, Ge, Sn, Pb 

2 

3 

4 

N, P, As, Sb, Bi 

3 

5 

5 

0, S. Se, Te 

4 

5 

[61 

F, Cl, Br, I 

5 

[6] 

[7] 


a X = one-electron ligand, for example, halogen. 

*L = two-electron ligand, for example, NH 3 , THE. 
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volved in A — H bonding but we formally assign the electrons in it for skeletal bond- 
ing. Thus CH 2 contributes four electrons, rather than the two we may have initially 
thought. 

In the solid state there are many instances of infinite three-dimensional cage 
structures. 22.22 shows the structure of CaB 6 where boron octahedra are linked 



together via their vertices. Each B 6 octahedron needs a total of 6 electrons to form 
two-center-two-electron bonds to the six adjacent octahedra and 2 (n + 1) = 14 elec- 
trons for skeletal bonding, a total of 20. The six boron atoms contain a total of 
6X3=18 valence electrons; the extra two come from the electropositive calcium 
atom. 14 

For transition metal containing systems the generation of the number of skeletal 
electrons contributed by various building blocks is a little more complex. In Chapter 
16 we saw that in a single ML,, complex the metal valence orbitals split into a group 
of no* orbitals and (9 - n) nonbonding orbitals. We assume in our treatment here 
that, out of this latter group, there are three 5 ' 15,16 which are involved in skeletal 
bonding just like the three orbitals 22.17 and 22.18. The other 6 - n orbitals re- 
main nonbonding orbitals and do not take part in skeletal interactions. It is a gross 
simplification but one which is justified in the sense that it works well in practice. 
It has strong links with the isolobal analogy of the previous chapter as we will 
discuss later. We need to know how many electrons lie in this group of three orbitals. 
For an M(CO)„ fragment, the total number of d electrons is simply equal to v, the 
number of valence electrons for the M(0) metal. 2(6 - n) reside in the group of 
nonbonding orbitals, leaving u- 12 + 2 n to participate in skeletal interactions. In 
the case of a rr-Cp unit, one electron is formally transferred to the rj 5 Cp ring (ef- 
fectively a triply coordinating ligand) so that each M(Cp) m unit has a total of u - m 
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TABLE 22.2 The Number of Skeletal Electrons Contributed by 
Transition Metal Cluster Units 


Transition metal 
M 

M(CO) 2 

M(tt-C 5 H 5 ) 

M(CO) 3 

M(CO) 4 

Cr, Mo, W 

[-2] 

-1 

0 

2 

Mn, Tc, Re 

-1 

0 

1 

3 

Fe, Ru, Os 

0 

1 

2 

4 

Co, Rh, Ir 

1 

2 

3 

5 

Ni, Pd, Pt 

2 

3 

4 

6 


valence electrons and 6 - 3 m nonbonding orbitals. This leaves (v - m) - 2(6 - 3m) = 
v- 12 + 5 m electrons for skeletal bonding. So for a [M a (CO) fc Cp c J cluster, the 
total number of skeletal electron pairs is simply ~ [ - 1 2a + 2b + 5c + d\ . Here 

2i> indicates the total number of valence (s + d) electrons associated with the col- 
lection of a metal atoms, which need not all be the same. Just as with the case of a 
bridging II atom of a carborane it does not matter overall where the carbonyl groups 
are located. Whether they are terminal or bridging, their influence on the skeletal 
electron count is the same, A summary of the numbers of electrons contributed by 
some carbonyl- and cyclopentadicnyl-bearing metal atom units is given in Table 
22 . 2 . 

A comparison of the numbers of Tables 22.1 and 22.2 shows immediate links 
with the isolobal analogy of the previous chapter. So in Chart 21.1 CH 2 and FeL 4 
are claimed to be isolobal species and accordingly they both contribute four elec- 
trons to skeletal bonding. Similarly CH, Co(CO) 3 , and NiCp are isolobal fragments 
according to Chart 21.1 and indeed each contributes three electrons to skeletal 
bonding. In fact the one-to-one correspondence between the electron-counting ideas 
in this and the previous chapter is complete with a single exception. This concerns 
fragments derived from the square planar r/ 8 ML 4 (21.10) species. Recall that NiL 2 
(21.12), for example, is considered to be isolobal to FeL 4 (21 .8) as a result of the 
derivation of the former from a 16-electron square planar c/ 8 ML 4 species. Note 
that NiL 2 is only isolobal with Fe(CO) 4 if the square planar coordination around 
Ni is retained. If this is not the case then NiL 2 is isolobal with C 2v Cr(CO) 4 . In the 
molecules of this chapter, square planar coordination is never observed at any del- 
tahedral vertex. As a result, in Table 22.2, Ni(CO) 2 contributes the same number of 
electrons to skeletal bonding as does Cr(CO) 4 (and not Fe(CO) 4 ). Recalling that a 
CH or CR group is isolobal and isoelectronic with a Co(CO) 3 or Ir(CO) 3 group the 
whole series of nido-trigonal bipyramidal structures (tetrahedra) are readily gener- 
ated in 21.56-21.60. These all have a total of ^(4 X 3) = 6 skeletal pairs. The 
Co 2 (CO) 6 C 2 R 2 molecule is perhaps more often regarded as an acetylene complex 
(just as 22.9 is) but this series illustrates neatly the dominating electronic influence 
of the tetrahedral arrangement of heavy atoms. Along similar lines the molecule 
22.7 is also known but with the CoCp unit replaced not only with Fe(CO) 3 but 
BeNMe 3 , AIMe, or Sn, ail of which contribute two electrons to skeletal bonding. 
The permutations of the building blocks of Tables 22.1 and 22.2 are almost endless. 
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Very similar ideas apply to the structures of nido and arachno cages. 5,6 ’ 8 Whereas 
closo species with n cage atoms require (n + 1 ) skeletal pairs, nido and arachno 
species with n cage atoms have n + 2 and n + 3 skeletal bonding orbitals, respectively 
that is, an identical number of electrons as the parent closo species. Some examples 
are shown in 22.23 and 22.24 and include some rather unusual species as well as 
traditional molecules viewed in a rather different light. The series in 22.23 is iso- 




benzvolene 



M©2 ^4 ( CO)j 




22.24 


s 


+ 2 
4 


electronic with ferrocene. C 6 Me| + is simply a nido pentagonal bipyramid (number 
of skeletal pairs = ^ [(6 X 3) - 2] = 8) with an apical CMe 2+ unit; ferrocene contains 
the isolobal FeCp unit in its place. Isoelectronic (Tables 22.1 and 22.2) Mn(CO) 3 
may be used (22.1 1) to give CpMn(CO) 3 but BeX (X = Cl, Br, or Me) and PMe + are 
also known as apical groups. In 22.24 it is interesting to see that C 4 1I 4 (six pairs) 
is predicted to be a nido trigonal bipyramid (i.e., a tetrahedron) rather than the 
(Jahn-Teller unstable) square, which is the predicted structure for C 4 H|" or S 4 + 
(seven pairs). Although C 4 H 4 is not known, the tert-butyl derivative is, and it does 
have a tetrahedral geometry. There are many examples isoelectronic and isostruc- 
tural to those in 22.24. Other examples are Co(CO) 3 As 3 and the tetrahedral struc- 
tures found for elemental phosphorus (P 4 ) and arsenic (As 4 ). 

However, there are exceptions. Although C S H£ is predicted and observed to 
have the geometry shown, isoelectronic (PhC) 4 (PhB) is a planar ring rather than a 
square pyramid. Similarly (PhC) 4 (BF) 2 , isoelectronic with C 6 Me| + , is also found as 
a planar six-membered ring rather than a pentagonal pyramid. The C 6 H 6 molecule 
with i(6 X 3) = 8 pairs should be an arachno D 2d dodecahedron. 22.24 shows the 
structure of benzvalcne, a benzene isomer which is just this. The P?,~and S 3 NJ units 
of Section 12.4 are other exceptions. With eleven skeletal pairs a planar six-mem- 
bered ring is unexpected. 

The insertion of a small atom into the center of a cluster alters the counting rules 
since now there are extra orbitals to be included. A simplified picture, using the oc- 
tahedral cluster is shown in Figure 22.7. Both the t u , p orbitals and the a lg s orbital 
find partners in the bonding octahedral cluster orbitals. The p orbitals overlap with a 
symmetry-adapted combination of tangential orbitals and the s orbital with the bond- 
ing radial cluster orbital. The result is a new set of four orbitals which are both skeletal 
bonding and central atom-cluster bonding. The cluster plus central atom is stable, 
therefore, for the same total number of skeletal electrons as the cluster alone. Thus 
the n/d'o-octahedral species Fe s (CO) ls C (22.13) has 4 electrons (from the central 
carbon atom) + 10 electrons (two from each of five Fe(CO) 3 units) giving a total 
of 14 electrons (= 7 pairs) to be used in skeletal bonding-just the right number. 

One interesting example of a structural change induced by a change in the num- 
ber of skeletal electrons is shown in 22.25. With Fe 2+ , Co 3+ , or Ni 4+ (formally a 
d b ion), then the symmetrical structure is stable. This can be envisaged as being 
isoelectronic with ferrocene where the C S H S units are replaced by nido- C 2 B 9 Hf,~ 
anions. Alternatively X=M— C 2 B 9 H U has just the right number of electrons to 
stabilize a closo icosahedral XC 2 B 9 H U unit. With two more electrons the metal 
slips off both rings. This may be simply regarded as a decrease in the hapto number 
of the metal as a response to the 18-electron rule demands or as the creation of a 
nido- 13 vertex structure. 

An interesting variant on the deltahedron of Figure 22.1 are the capped struc- 
tures of 22.26. The capping group simply utilizes the existing outward pointing 
orbitals presented by the face and no new orbital requirements are made on the del- 
tahedron. Such w-heavy atom species are then stable for a total of n skeletal elec- 
trons. So Os^COhg (22.26) has a total of six skeletal pairs and six metal atoms 
and exhibits the capped structure but Co 6 (CO)? 5 ~ with seven skeletal pairs and six 
metal atoms exhibits the closo octahedral structure. 


tangential 

bonding 

orbitals 


radial 

bonding 

orbital 



octahedron octohedron central atom 

plus 
central 
atom 

FIGURE 22.7. Generation of the lowest energy set of levels for an octahedron centered by a 
main group atom, from those of the octahedron and an isolated atom. 
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[M(C 2 B 9 H M ).,] n 


M s NI Cu Au 
n = 2 1,2 i 
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22.26 


capped octhedron 
Rh 7 (C°) 16 3 " 


Exceptions to tills scheme are several. The molecule Ni 6 Cp 6 , for example, has 
^(6 X 3) = 9 skeletal electron pairs but has the octahedral skeleton expected for 
seven skeletal pairs. The approach makes no comment on the relative stabilities of 
benzene, which does not fit into the scheme, and benzvalene (22.24) which does. Nei- 
ther does it allow an a priori prediction conerning the best choice of arachno struc- 
tures, that is, which pair of vertices to omit. So, for example, we have no way to distin- 
guish energetically between the structure 22.20, found for the seven-skeletal-pair 
molecule B 4 M 10 , and the square (22.24), found for the isoelectronic molecule S 4 + . In 
general more electronegative atoms are found in sites of lower coordination number 
as, for example, in 22.2 and 22.3, although this choice is often mediated by the hy- 
drogen atom locations. Overall however, the scheme is a remarkably successful one 
to view cluster chemistry. Counting rules have also been developed for more complex 
polyhedra. 17 
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